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Abstract
Interest in ruthenium polypyridal complexes stems from the
metal-to-ligand charge transfer state (MLCT) that can be
generated by photons o f sufficient energy and the interligand
electron transfer (ILET) that occurs after this state. Direct
measurements using picosecond resonance Raman
spectroscopy were made to determine the rates of ILET in a
series of mixed ligand ruthenium polypyridal complexes.
To perform these studies, a novel regenerative amplified
Nd:YAG laser system had to be designed and built at Louisiana
State University. Once this system was completed, a apparatus
was designed for measuring transient absorption spectra in the
200-300 nm wavelength range on a picosecond time scale.
Finally, the first one color picosecond resonance Raman
spectra for the ruthenium 1,10-phenanthroline complex is
presented. While no rate for ILET could be accurately
determ ined for this molecule, an accurate assignment of
excited state and ground state bands is presented.

viii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Chapter 1
Picosecond Resonance Raman Studies of Interligand Electron
Transfer Rates of Ruthenium Polypyridal Complexes:
Introduction
The work presented below is a detail discussion of the efforts
and results of research performed in laboratories of Professor
John B. Hopkins at Louisiana State University on the effects of
the Gibbs free energy gap on the rate of interligand electron
transfer after a metal to ligand charge transfer state was
photo-excited in a Ruthenium polypyridal complex. A short
overview of this research will be presented in this chapter.
The initial phase of the work was to design and build a laser
system that met the difficult requirement for performing time
resolved picosecond resonance Raman spectroscopy.(Chapter
2) Since the requirement for a laser that could provide high
repetition rate, high pulse energy and extremely stable output
pulses was not met by any laser commercially available, a
system had to be designed and built at LSU.
Once research began on studying the rates of interligand
electron transfer of ruthenium polypyridal complexes, the
need for a system for performing transient absorption
measurements on compounds between 200 and 300 nm
i
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

became necessary.(Chapter 3) One of the first requirements
for this system was a source with a broad ultraviolet output
spectrum. Studies were made of the laser induced plasmas of
various metals, nonmetals and gaseous materials to find one
with could cover this deep ultraviolet wavelength range and
still maintain picosecond time resolution.
The next chapters describe and discuss the research
perform ed on studying the effects of the Gibbs free energy gap
on the rate of interligand electron transfer on various
Ruthenium polypyridal complexes. Complexes were selected
that offered a wide range of free energy gaps from as low as
800 cm-1 to over 3000 cm 1. Chapter 11 offers a complete
summary of the rates of interligand electron transfer that were
determ ined and a discussion of the possible phenomena
behind these rates.
The final chapter of this work presents the results of Raman
studies performed on ruthenium tris-1,10-phenanthroline.
While the results did not allow for a conclusive determination
of the rate of interligand electron transfer, the work itself is

2
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im portant because it gives the first picosecond resonance
Raman spectra for this molecule.
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Chapter 2
The Chirped Pulse Regenerative Amplified Nd:YAG Laser
System
2.1) Introduction
This chapter describes and discusses the chirped pulse
regenerative amplified neodymium: yttrium aluminum garnet
(Nd:YAG) laser system developed a t the Department of
Chemistry o f Louisiana State University. To explain how this
laser system functions, various principles and techniques for
generating high energy, short laser pulses will be introduced
and discussed before the regenerative laser system is
presented. Among the techniques presented will be: the
mode-locking of lasers, regenerative amplification, and various
pulse compression techniques. The final sections of this
chapter will discuss the original regenerative amplified laser
system design and the system presently being used.
The necessity that led to the development of this laser
system was the need for a high repetition rate laser with high
pulse energy, narrow temporal pulse width, and high pulse
stability. Several different laser systems and pulse
compression techniques were examined before the Nd:YAG

4
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

technology was chosen. Some of these compression
techniques and laser systems will be presented in this chapter
to clarify the reasoning behind the choice of a solid state laser
system. A laser system with the above mentioned output
properties is useful for doing photochemical studies, such as
the electron transfer studies presented in chapters 4 through
12, or as a photon source for other optical analysis systems,
like the transient absorption system discussed in chapter 3.
The laser system that will be described below is referred to
as a chirped pulse regenerative amplified Nd:YAG laser system.
A basic overview of the system is given here and a more
detailed discussion of the individual parts is presented below.
The regenerative amplified laser system starts with the 100
MHz output pulse train of a mode-locked Nd:YAG laser
(section 2.2) being focused through a length of polarization
preserving optical fiber to introduce a frequency chirp
(section 2.4) into the pulses. An electro-optic pockel cell
(section 2.2) is used as a pulse picker to inject a single pulse
from the pulse train into a Qrswitched laser cavity for
amplification, (section 2.3) The pulse is trapped in the cavity

5
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where it is amplified by the laser medium in the Qrswitched
cavity. The amplified chirped pulse is then ejected from the
cavity and passed through a grating compression pair.(section
2.5) The final pulses are have a pulse energy of 1.2 mj and a
pulse width of 12 psec at a 2 kHz repetition rate.
2.2) Mode-Locking of Lasers
There are several techniques for generating short pulses in a
laser cavity. The technique used in the seed pulse laser of the
regenerative amplified system is referred to as mode-locking.
In simplest terms, mode-locking forces the energy in the laser
cavity into pulses by modulating the gain of the laser medium
in the time domain. Before the laser is mode-locked, the
pulses in the resonator cavity occur a t random intervals.
When mode-locked all of this random energy is collected into
a single pulse that circulates in the cavity.(see fig. 2.1)(2.1)
This allows the mode-locker to control when the pulses are
generated. There are two techniques of mode-locking in a
laser system: active and passive mode-locking. The different
techniques are used when a specific output requirement is

6
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Figure 2.1
Intensity verses time profile of the out of (a) a randomly
oscillating laser cavity and (b) a mode-locked laser cavity with
a modulation frequency (u) of the roundtrip time of the cavity
(u = 2L/c)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

desired. Typically, active mode-locking is used when low shotto-shot fluctuation in the pulse energy is desired, passive
mode-locking is used when higher pulse energies are required
from the laser system.(2.2) The main physical difference
between active and passive mode-lockers is the components
that constitute the devices themselves. Active mode-lockers
consist of complicated electronic devices and dye cell systems
while a passive mode-locker is, usually, a simple cell
containing a saturable absorber which is placed inside the
laser cavity. Since the mode-locked laser used in the
regenerative amplified system being discussed in this chapter
uses active mode-locking techniques, the devices and
principles for active mode-locking will be concentrated upon
below. There are two ways to achieve active mode-locking:
phase modulation and amplitude modulation.(2.2) Both of
these techniques will be discussed in this section.
2.2a) Active Mode-Locking
When using an active mode-locker, the term "active” refers
to the fact that the modulator is actively driven by an external
source and is independent of the pulses in the cavity.(2.3) In

8
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an active mode-locker, the frequency of modulation is set to
be the inverse of the round trip time of a pulse in the cavity
(2L/c).(2.3) Since the pulse will pass through the modelocking device twice during a round trip in the cavity, the
modulator is driven by a sine wave function; this causes the
modulation to be the inverse of the cavity length (L/c). Before
mode-locking, the lasing medium will emit radiation in the
form of randomly occurring pulses. Once the cavity is modelocked, the pulses will occur only at intervals o f the cavity
round trip time.(see fig. 2.1)(2.1) Having the frequency of
modulation of the mode-locker synchronized to the round trip
time of the cavity allows the same portion of the radiation to
pass through the m odulator when it is at the low modulation
function on every pass. These pulses will be amplified while
light arriving at other times is attenuated by the modulator
and, eventually, dampened out due to cavity losses.(2.2)
There are several different devices used for active modelocking, but the most common are electro-optic pockel cells
(E/o) and acousto-optic cells (A/o). There are two types of
active mode-locking; amplitude modulation and phase

9
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modulation. Electro-optic and acousto-optic pockel cells are
used with saturable absorbers to perform amplitude
modulation, while phase modulation is usually performed by
electro-optic cells only. The electro-optic cell is based on a
crystal that undergoes a change in refractive index when an
electric potential is put across the crystal.(2.1) The most
common crystal in electro-optic devices is LiNb03. Electrooptic cells can be used when performing either phase
modulation or amplitude modulation. (2.1) For phase
modulation, the change in refractive index of the crystal is
used to cause a cavity length modulation.(2.1) Pulses that
pass through the modulator a t times other than when the
change of phase in the crystal is stationary have their phase
shifted.(2.3) Eventually, the frequency shifts add so that the
shifted pulse falls outside the frequency band width of the
amplifier (2.1); therefore, the shifted pulses receives no gain
and are attenuated due to normal cavity losses.
The commercial system employed to generate the seed
pulses for the regenerative amplifier utilizes an acousto-optic
modulator for amplitude modulation. The acousto-optic effect

10
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can be seen in most transparent crystalline materials. The
refractive index of these materials are dependent on
mechanical stress.(2.1) In an acousto-optic modulator, a
piezoelectric transducer is used to send an ultra-sonic wave
through the crystal; this acoustic wave produces the
mechanical stress that causes the refractive index of the
crystal to change.(2.1) This change in refractive index acts to
change the losses in the cavity. Pulses that pass through the
cell when losses are at a minima are unaffected by the
saturable absorber. Pulses that pass through the acousto-optic
cell at other times experience a loss in intensity and are
partially or totally attenuated.
2.3) Regenerative Amplification
Actively mode-locked laser systems are noted for their pulse
stability, while passively mode-locked systems have higher
pulse energies.(2.2) When a mode-locked pulse is injected
into a regenerative amplifier cavity, the output pulses have a
stability equal, if not superior, to those achieved with active
mode-locking and pulse energies comparable to those of
passive mode-locked lasers.(2.2) The seed pulses injected into

11
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a regenerative cavity are am plified in much the same way as
Qrswitched laser pulses are generated. (2.4) To clarify the
principle of how a regenerative amplifier functions, a brief
discussion o f Qrswitched pulse generation is presented below.
2.3a) QrSwitched Pulse Generation
The technique of (^switching can be used to generate high
energy, short pulses. The principle of Qrswitching is based on
generating a large population inversion in the upper lasing
level. This population is then quickly released to the lower
lasing level causing the light em itted to take the form of a
short, energetic pulse. (2.1) To cause the enormous population
inversion required for Qrswitching, an optical shutter is placed
inside the cavity which, when closed, spoils the quality of the
resonator. The Qjfactor is a m easure of the losses in a laser
cavity. The term Qrswitching arises from the fact that the
optical shutter is used to m odulate the losses (Qrfactor) of the
laser cavity. The optical shutter can be an electronic device,
such as an electro-optic or acousto-optic modulator, or a
mechanical device, such as a rotating mirror or prism,
depending on the temporal pulse width desired from the Qr

12
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switched pulses.(2.1) When the optical shutter in closed, the
active medium cannot lase. Since the gain medium is still
being pumped, a population inversion far in excess o f the laser
threshold is produced in the upper laser level.
If the shutter is then opened in a time that is short
compared to the resonator lifetime, the energy stored in the
lasing medium will be emitted in the form of a short, highly
energetic pulse.(2.1) Figure 2.2 (2.1) shows the evolution of a
Qrswitched pulse and the change in population inversion as
functions of time. When the shutter is opened, there is a rapid
decrease in the inverted population; this causes a rapid
growth in the intensity of the optical pulse. Once the pulse
reaches its maximum intensity, the decrease in photon flux is
rapid due to the steadily decreasing excited population.
Therefore, because of the quick opening of the shutter, the
stored energy in the lasing medium is emitted in a short, high
energy pulse. High energy picosecond pulses can be obtained
using a combination of Qrswitching and mode-locking. This is

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

t
Figure 2.2
Profile o f the development of a Qrswitched pulse with respect
to time. IL(t) = intensity of the pulse; AN(t) = the population of
the upper lasing level.

14
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typically performed using an acousto-optic pockel cell and a
saturable absorber to generate the mode-locked, Qrswitched
pulses.
2.3b) Amplification by a Regenerative Cavity
Amplification in a regenerative cavity proceeds in much the
same way as pulse generation in a Qrswitched system. (2.4)
Like a Qrswitched system, the Qrfactor of the amplifier is
spoiled so that the active medium will reach a population
inversion far exceeding the lasing threshold. The difference
between the two systems is that, instead of generating a pulse
in the resonator, a seed pulse is injected into the regenerative
amplifier from another mode-locked laser. Once a pulse is in
the regenerative cavity, the optical shutter is used to modulate
the cavity losses and cause Qrswitching to occur. This allows
the injected pulse to be amplified by the energy stored in the
laser medium while Qrswitching is taking place.(2.4) The
injected pulse is amplified by the Qrswitched lasing medium
until the gain saturation level of the pulse Is reached.(2.4)
Once gain saturation is achieved, the amplified pulse is
switched out of the cavity.

15
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2.4) Frequency Chirped Pulses
The dispersive delay compression technique used in the
laser system being described in this chapter requires a
frequency chirped pulse for compression. The next sections in
this chapter will explain how chirped pulses are formed and
how dispersive delay compression can be used to generate
temporally short pulses.
The optical pulse from a laser is made up of different
frequencies. The frequency components of a Gaussian pulse
can be seen in figure 2.3.(2.1) In general, a Gaussian pulse
will have a field strength am plitude described by (2.1):
(1) E(t) = Eo exp ( -¥t2 + iftt2 )
The ¥ term in equation (1) is a constant which describes the
envelope o f the pulse and is related to the pulse duration ( tL)
by (2.1)
(2) tL= ( 2 ln2/¥ )1/2
The & term in equation (1) describes a linear frequency shift
across the pulse.(2.1) The am ount of frequency shift per unit
time is referred to as the "chirp." The pulse in figure 2.3 show
the case where &= 0 and there is no frequency shift in the

16
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Figure 2.3
Amplitude verses time plot of the frequency components o f a
Gaussian light pulse
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1

Al t)

Figure 2.4
Amplitude verses time plot of the frequency components of a
down chirped pulse.
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pulse envelope. Figure 2.4 (2.1) shows a frequency verses
time profile of a chirped pulse. In figure 2.4, the pulse is said
to have a "down chirp" because th e frequency in the leading
edge of the pulse is larger than th e frequency in the trailing
edge. An "up chirped" pulse would appear the exact opposite
with the trailing edge having the larger frequency.
A frequency chirp can be experimentally generated either by
dispersion o r by nonlinear optical processes. (2.1) The latter
technique is used to obtain a frequency chirp in most laser
systems, the optical medium used can be one of many
different materials, such as optical Kerr liquids or optical
fibers.(2.1) Since an optical fiber is used to generate the
chirped pulse in the laser system described in this chapter, the
discussion here will focus on a pulse travelling through an
optical fiber. When a pulse travels through an optical fiber,
the high intensity of the pulse will cause a nonlinear change in
the refractive index of the fiber.(2.1) Since the refractive
index is defined as n = no + Ion*, w here “n” stands for the index
of refraction and “I" stands for the intensity of the light, the
index changes across the intensity profile of the pulse. As the

19
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refractive index changes, the speed a t which the pulse travels
through the m aterial changes. This causes the frequencies
that constitute the pulse to shift across the pulse profile in
response to the changing intensity o f the pulse creating a
chirped pulse.(2.1) Group velocity dispersion in the fiber
works to linearize the chirp (2.5): a pulse with a linear
frequency chirp is considered optimum for dispersive
compression techniques and will have the maximum
compressibility.(2.7) It should be noted that high energy
pulses travelling through an optical fiber can be subject to
other nonlinear optical effects such as self-focusing and
Raman scattering. (2.1) These processes can effect the output
pulse energy and the linearity of the frequency chirped pulse.
2.5) Pulse Compression with a Dispersive Delay
The technique of using a negative dispersive delay to
compress a chirped pulse is a technique that has been used in
radar transmission for some time.(2.13) In 1969, Dugway and
Hansen (2.5) showed that optical pulses could be compressed
to the range of 10-9-1 0 12 seconds by generating a frequency
chirp in the pulse and using a dispersive delay to compress

20
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the pulse. (2.5) Nakatsuka and co-workers (2.6) showed that a
5.5 psec chirped pulse could be compressed to 1.1 psec using
a near-resonant atomic sodium-vapor delay line.(2.6) Shank
and co-workers (2.7) went on to show th at a chirped pulse
could be compressed into the femtosecond time scale using a
pair of gratings as the dispersive delay.(2.7) Once it was
determined that a chirped pulse could be compressed, the
next logical question was could a chirped pulse be amplified
first, then compressed to the same pulse width as an
unamplified pulse. Strickland and Mourou (2.8) showed that,
using a Nd:glass laser as a regenerative amplifier, a chirped
pulse could be amplified and compressed to the same pulse
width as an unamplified pulse with the same chirp. This
technique is effective as long as the frequency shift in the
pulse is linear across the gain bandwidth of the amplifier.(2.8)
The principle behind compressing a chirped pulse with a
dispersive delay Is simple to understand. The application by
Treacy (2.9) to compress a down chirped laser pulse using a
glass block as the dispersive delay will be used to explain the
principles behind this form of compression. When the chirped

21
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glass block
a)

X

chirp-free,
shortened

down chirp
grating
i-----

b)

up chirp

j

chirp-free,
shortened

Figure 2.5
a)
Down chirped pulse being compressed by a glass block.
Compression is due to the way the different frequency
components of the pulse Interact with the refractive index of
the glass.
b) Up chirped pulse passing through a pair of gratings.
Compression is due to the different lengths traveled by the
frequency components of the pulse.

22
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pulse enters the glass block, the longer frequency components
propagate through the glass faster than the shorter frequency
components.(2.9) This allows the trailing edge of the pulse to
catch the leading edge; shortening the pulse temporally.(see
fig. 2.5a)(2.1)
The principle is the same when using a grating pair as the
compressor; the trailing frequencies are allowed to overlap
with the leading frequencies. The difference between the
gratings and a glass block is that the compression is due to the
distance the different frequencies travel rather than a
refractive index effect. The gratings separate the different
frequencies in the pulse so that the leading frequencies travel
a longer distance than the trailing frequencies.(2.1) This
causes the frequencies to collapse around the center
frequencies and the pulse becomes compressed, (see fig.
2.5b)(2.1)
The am ount of pulse compression obtained from the
gratings is a function of the spacing between the gratings and
the am ount of frequency chirp in the pulse. Stolen, Shank and
Tomlinson (2.10) derived equations for calculating the

23
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amount of compression a pulse would experience given the
pulse energy and grating spacings. From the input pulse
width, peak power, wavelength and the core diam eter of the
fiber, the optim al fiber length and grating separation can be
calculated for the maximum pulse compression. For any set of
parameters, the optimal chirp occurs at only one fiber length.
This length varies as a function of to2/p 1/2, where to is the
input pulse width and p is the peak power.(2.10)
Stolen, et al., derived compression equations for a 600 nm
pulse compressed by a 1800 groove per millimeter (gpm)
grating pair.(2.10) The equations were then normalized to
reduce the complications in applying them to other laser
systems. The normalizing param eters needed for calculating
the optic fiber length and grating spacings are presented
below (2.10):

zo = to2/C l
A = (P/Pl) 1 /2
C l = (D(X) * X )/(.3 2 2 n 2 c2) = 0.031 m -lpsec2 (x - 1.06 pm)
PI = (n c X A e ff)/(1 6 p z o n 2 ) = 7.92[X (cm )A eff(cm 2)/zo(cm )]xl0l4
w atts
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In these equations, zo is the normalized length and depends
on the input pulse length (to) and the magnitude of the group
velocity dispersion (Ci). A is the normalized amplitude of the
input pulse into the fiber; to calculate this parameter it is
necessary to calculate the normalized power (Pi). Pi is
dependent on the nonlinear index (n 2 ), the effective core area
(Aeff)

and the normalized length (zo) of the flber.(2.10)

Stolen and co-workers derived equations for the grating
spacings and compression factor for two different optic fiber
conditions: the fiber length equal to the optimum length and
the fiber length less than the optimum length. Two sets of
equations are necessary because, as will be seen in the
calculations below, in some cases the optimum fiber length is
too long to be of practical use. The normalized equations and
approximations for calculating the compression factor (to /t),
the optimum fiber length (zopt) and the grating spacing (b) for
the case of a fiber of optimal length are presented below
(2.10 ):
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Z = Z opt

to/t ~ 0.63A
Z o p t/z o ~ 1.61/A
b - 84C2(cm/psec2)[to2/A ]
C2 = [d(cm)/5.56 x 10-5cm]2[600 nm / X(nm)]3cos20
The equations for the compression factor and grating spacings
for the case where the fiber length is less than the optimum
length are presented below.(2.10) In this case there is no
equation for calculating the fiber length since the length is
chosen before the calculations are performed. The C2
constant in the grating spacings calculation is the same as
defined in the above equations.
Z «

Z opt

to/t -1 + 0.9[A 2z/zo]
b=13C2(cm/psec2)[to2/A 2z/zo]
In the equation for the grating spacings (b), the C2 factor is a
correction for different wavelengths of light, groove spacings
on the grating, and the angle between the normal of the
grating and the diffracted beam. The beam angle is usually
~30°. This correction factor is needed because the original
compression equations (2.10) were derived for a 600 nm pulse
and a 1800 gpm grating. The C2 factor corrects for grating
spacings and wavelengths other than these. When the
26
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calculations are performed using 600 nm light and 1800 gpm
gratings, C2 reduces to a simple correction for the diffraction
angle of the lighL(2.10)
Using the above equations, the compression factor and
grating spacings can be calculated for the Nd:YAG laser system
discussed below.(See sect 2.7) The output of the mode-locked
laser in the regenerative system is ~80 psec at a power of 10
watts. The chirp is generated in an optic fiber with a core
diameter of 8 pm. The large value of z o p t (see table 2.1 below)
caused a fiber of shorter than optimum length to be used. The
length of fiber used in this system is 400 m. Using these
parameters, the values of z o = 206,450 m, Pi = 2 x 10-3 watts,
and A = 70.7 were determined. The results for the
calculations of grating spacings and compression factor are
presented below for optimum and less than optimum (400 m)
fiber lengths.

27
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Table 2.1:
Calculated values for fiber length and compression ratios
z = zopt
to /t
zopt

z «

- 44.5

zopt (400
t o /t

- 4700 m

m)

~ 10

--------------

b = 102 cm

b = 117 cm

Grating pair compressors are excellent for use in high
repetition rate, high energy laser systems. Strickland (2.8)
showed that a chirped pulse could be amplified without any
loss in the linearity of the frequency shift. This allows lower
pulse energies to be used to generate the chirp; thereby
protecting the optical fiber from damage due to high pulse
energy and reducing the potential of stimulated Raman
scattering in the fiber. The compression due to the gratings is
not effected by the pulse energy that reaches the grating
pair.(2.10) This allows the chirped pulse to be amplified to
high energy levels without affecting the final pulse width,
assuming the chirp is linear through the gain band width of
the amplifier.
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2.6) Other Pulse Compression Techniques
Several techniques have been developed for causing
temporal compression of light pulses. Two of these techniques
will be focused on in this section: Saturable absorbers and dye
laser compression. Saturable absorbers and dyes are usually
intercavity compression techniques, while dispersive delay
compression (discussed above) is performed outside the laser
cavity.
2.6a) Saturable Absorbers
A saturable absorber can be used in a laser cavity to cause
both pulse compression and passive mode-locking. A
saturable absorber is a m aterial which possesses a large
absorption cross section a t the frequency of the laser pulse.
Usually these materials consist of a large organic dye
molecule. Any absorbing m aterial will eventually reach a
saturation point if exposed to a high enough intensity of light
Saturable absorbers have several physical properties that
distinguish them from other tyj>es of absorbers. The two most
important of these properties are 1) the absorption cross
section of the saturable absorber must be greater than that of
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the amplifying medium, and 2) the relaxation time of the
saturated state of the absorber needs to be much shorter than
the pulse duration.(2.2) The first o f these conditions insures
that the absorber saturates before the amplifier reaches gain
saturation; therefore, the cavity will eventually reach a point
where the absorber is not effecting the pulses, but the
amplifier is still amplifying the pulses. The second condition
insures that the absorber has relaxed to its initial state before
the next pulse arrives. If these conditions do not exist in the
absorber, it will not be able to cause mode-locking o r pulse
compression. (2.2)
As the laser pulse impinges on the saturable absorber, the
absorbing molecules are excited and the pulse is partially
absorbed. Assuming a two-level system for the absorber, the
change in population in the levels would be (2.1):
AN = N /(l+ I/Is)
where AN = N1-N2 and Is is the saturation intensity of the
absorber. From the above equation, it can be seen that as the
intensity o f the radiation becomes large when compared to Is,
no absorption can take place and the radiation is
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unattenuated. Relating this to a Gaussian light pulse means
that the leading and trailing edges of the pulse get attenuated
while the center region of the pulse retains the same
intensity.(2.1) The trailing edge of the pulse is only
attenuated by absorbers with extremely fast relaxation times
when compared to the pulse width of the radiation. By using
the absorber intercavity, the pulse can be amplified and
compressed in a single cavity.
One difficulty when using a saturable absorber for pulse
compression is th at it limits the repetition rate of the laser
system. Once the molecules in the absorber excited, they have
to be given time to relax to the ground level before the
absorber can be used to compress another pulse.(2.1)
Another problem is that saturable absorbers can distort the
shape of the pulse. Usually the trailing edge of the pulse is
unaffected by the absorber. This effect will cause a
asymmetry in the pulse as the leading edge is shortened while
the trailing edge remains unchanged. In many photochemical
experiments, asymmetrical pulses are undesirable because
they can distort the time resolution of the event being studied.
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2.6b) Dye Laser Systems
Another technique for generating temporally short optical
pulses is a dye laser system. This system, like a saturable
absorber, utilizes an organic dye as its active medium.(see
fig.2.6)(2.3) Compression in the dye occurs in much the same
manner as compression in a saturable absorber. The main
difference between the two systems is, in a dye laser, the
organic dye is being used not only to shorten the pulse width,
but to amplify and change the frequency of the radiation.(2.3)
A ring dye laser system can be seen in figure 2.7.(2.3) The
dye in this system is the active medium for lasing. Laser
pumping of the organic dye is the most commonly used
method in dye laser systems. Dye laser systems can be
synchronously pumped for high repetition rates (-100 MHz)
and can be used to generate pulses with temporal widths on
the order of several hundred femtoseconds (10-15 sec).(2.1)
The main difficulty with dye lasers is in obtaining emissions in
the ultra-violet region of the spectra (<300 nm). While
commercially available laser dyes can be used to cover the
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ch3
c o o c 2h 5

Figure 2.6
The structural formula of Rhodamine 6G laser dye. This dye is
usually pumped by lasers of visible or ultra-violet wavelengths
and has an emission range of 520 nm to 625 nm dpending on
the pump wavelength.
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Figure 2.7
Schematic for a ring dye laser system.
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Output
I beam
M4

visible spectrum, the lowest wavelength obtainable from any
available dye Is ~310 nm. Frequency doubling and mixing
techniques can be used to generate light in the ultra-violet
region from a dye laser. Unfortunately, these techniques oniy
provide a minimum intensity of ultra-violet light and are
mechanically difficult to use. These limitations severely limit
the use o f dye lasers for generating the high energy,
picosecond pulses necessary in the photochemical experiments
discussed below.
The limitations of saturable absorbers and dye laser systems
led to the dispersive compression technique discussed earlier
to be used in the regenerative laser system designed a t L.S.U.
Saturable absorbers distort the shape of the output laser
pulses. Dye laser systems are unable to produce light at
wavelengths below -300 nm. These factors would severely
limit any system designed using either to these pulse
compression techniques.
2.7) The Chirped Pulse Regenerative Amplified Nd:YAG Laser
The need for a laser with narrow temporal pulse widths,
high energy per pulse, and a repetition rate on the order of a
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Figure 2.8
Schematic for the chirped pulse regenerative amplified
NdrYAG laser system. Out pulse: X.= 1.064 pm, t = 12 ps,
energy/pulse = 1200 pj, repetition rate = 2 kHz (maximum).
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kilohertz led to the design of a unique regenerative amplified
laser system. Figure 2.8 shows the chirped pulse regenerative
amplified laser.(2.11) Since the principles behind the
individual components of this system have been discussed
above, the system will be described by following the optical
path of the laser pulses. The reasoning behind individual
components will be given as necessary.
Once the solid state laser technology was chosen, the
decision had to be made between using Nd:YAG or Nd:glass
lasers as the oscillator and am plifier cavities. A glass laser will
differ from a YAG laser in several major areas. The two most
important differences are the therm al conductivity and the
width of the laser transition between the two different
materials.(2.2,3) In a YAG matrix, the doped in Nd3+ atoms
replace some of the Y3+ atoms In the matrix. The neodymium
atoms are comparable in size to the yttrium atoms replaced
and do not strain the lattice structure of the crystal.(2.2) The
width of the laser transition of a Nd:YAG laser is determined
by homogeneous broadening only.(2.2,3) In a glass matrix,
the Nd3+ atoms replace silicon atoms which are much smaller
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than the neodymium atoms. The strain on the glass lattice
caused by the neodymium atoms causes inhomogeneous
broadening o f the laser transition. Therefore, the width of the
laser transition in a Ndiglass laser is determined by both
homogeneous and inhomogeneous broadening of its energy
levels.(2.2,3) This effect causes the laser transition in a
Ndiglass laser to be broader than the laser transition in a
NdiYAG laser by approximately an order of magnitude.(2.2)
The temporal pulse width of a laser is inversely proportional
to the width of the laser transltion.(2.2) The wider transition
of the glass laser allows its pulse to be mode-locked and
compressed to a smaller pulse width than can be obtained
from a YAG Iaser.(2.3)
The other difference between the two materials is their
thermal conductivity. The therm al conductivity of glass is
~103 smaller than that of YAG. The low thermal conductivity
of glass prevents it from being used in any high repetition or
cw laser systems.(2.2) If optically pumped at a high repetition
rate, the glass is unable to dissipate the heat generated by the
flash lamps quickly enough to prevent damage from occurring
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to the glass rod. The higher therm al conductivity of YAG
allows it to be pumped by cw flash lamps without damaging
the material. While combinations o f compression techniques,
such as dispersive compression and dye laser systems, can be
used to reduce the pulse from a YAG laser beyond the
dispersive compression limit, it is not possible to overcome the
thermal conductivity limit of the glass laser. Since one of the
main requirem ents of the laser system being designed was a
high repetition rate, the Nd:glass lasers could not be used.
The initial laser pulses are generated by a Quantronix 416
mode-locked NcfcYAG laser which utilizes an acousto-optic cell
and a saturable absorber for active mode-locking. The output
of this system is 1.064 pm pulses with a temporal pulse width
of 80 psec, an integrated power of 10 watts and at a 100 MHz
repetition rate. The pulse energy of this laser is 100 nj/pulse.
A 4% reflection of the output beam is taken from a quartz
window and focused into the optic fiber. While the individual
pulse energy is not enough to damage the fiber, the integrated
power is enough to cause extensive damage when focused onto
the fiber. A high energy pulse will also cause stimulated
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Raman scattering and other undesirable non-linear effects in
the optic fiber. To prevent any of this from occurring, only
4% of the 10 w att output is sent through the fiber.
The fiber used in this system is 400 meters of single-mode,
polarization preserving, fused silica with a 8 pm core
diameter. While passing through the fiber, the pulses obtain
the linear frequency chirp that allows for a grating
compression pair to be used after the pulse has been
amplified. The fiber output is recollimated and reflected
through a 95% beamsplitter. Since the regenerative amplifier
will raise any pulse with an energy over the lasing threshold to
the desired energy level, the beamsplitter is used at this point
to isolate the mode-locked laser from the amplifier. The
chirped pulse is reflected into the regenerative amplifier
cavity through a polarization sensitive prism. This prism
reflects radiation in the original polarization of the modelocked laser while transmitting radiation at other
polarizations. An electro-optic pockel cell and a 45°
polarization plate are used to trap a single pulse in the
amplifier cavity. When the E/o is at a quarter wave potential,
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the pulse is rotated 90° upon double pass through the cell.
The transmission through the polarization prism is highest at
this 90° polarization; therefore, the pulse passes through the
prism with the least amount of losses or reflections when
trapped in the cavity. The fast electronics of the electro-optic
cell allows the electric potential on the E/o to be switched
quickly enough to trap only one pulse from the mode-locked
pulse train in the cavity. In addition to trapping the pulse in
the cavity, the E/o also modulates the losses in the amplifier
cavity to cause Qrswitching to occur.(see sect. 2.3) It is the Qr
switching process that cause the amplification of the injected
pulse in the regenerative cavity.
The amplifying medium in the regenerative cavity is
another cw pumped Nd:YAG laser. The cavity lengths between
the mode-locked and regenerative lasers are the same (1
meter). This is done to prevent multiple pulses from being
injected into the amplifier. More than one pulse in the
amplifier cavity would deplete the gain medium, preventing
gain saturation of the injected pulse. Since the amplifier is
pumped in a cw fashion, the repetition rate of the amplifier is
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limited only by the switch out rate of the E/o and the storage
time of the regenerative cavity. After -100 passes through the
gain medium, the E/o switches the polarization of the pulse by
90° and the pulse is ejected from the cavity by the polarization
prism. The pulse energy is increased by the regenerative
amplifier from less than 100 nj/pulse to 1200 pj/pulse.
The amplified pulse then passes through the grating
compressor pair. Using the equations from Stolen., Shank, and
Tomlinson (see sect. 2.5)(2.10), the grating spacings for pulse
compression were determined using the parameters of this
system. With 400 meters of optic fiber, the maximum
compression is achieved with a grating separation of 1.17
meters for 1800 gpm gratings. This separation and fiber
length give a theoretical limit of 8 psec as the compressed
pulse width (FWHM). The actual final pulse width was found
to be 12 psec (FWHM).(see fig. 2.9)
The final output pulses of the chirped pulse regenerative
amplified laser system are pulses at 1.064 pm with an energy
per pulse of 1200 pj, a 12 psec pulse w idth and at a 2 kHz
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Figure 2.9
Temporal profiles of the seed pulse and the compressed pulse
from the regenerative amplified laser system. Seed pulse t =
80 ps; Compressed pulse t = 12 ps (FWHM).

43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

repetition rate. The initial pulses had undergone a factor of
~103 amplification and a factor of 7 temporal compression.
Unfortunately, this system had unforeseen faults that
reduced the single pulse output energy. The main difficulty
came form using the electro-optic cell inside the regenerative
cavity for pulse selection. Though the E/o was reducing the
intensity of all but one pulse, smaller side pulses still had
enough intensity to be able to get amplified in the
regenerative cavity. The side pulses reduced the intensity in
the main pulse by removing stored energy in the lasing
medium. Another concern was the shot-to-shot stability of the
output pulses. While the pulses showed stability within 10%,
another technique for determining the switch out time for the
amplified pulse could be used to improve the stability beyond
this. The next section will detail the changes made to
overcome the multi-pulse output problem and improve the
stability.
2.8) Modified Chirped Pulse Regenerative Amplified Laser
System
As mentioned above, modifications were m ade to the
original regenerative amplified laser system to improve the
44
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amplification of single pulses and to increase the stability of
the output pulses. To achieve these ends, several new
components were installed in the laser system. The first of
these components was an external electro-optic cell and a pair
of polarization prisms added after the optical fiber to select a
single pulse for injection into the amplifier cavity. When used
in the transmission mode, the polarization prisms have an
extinction ratio of ~1000:1; using a pair of prisms in tandem
increases the extinction ratio even further. This arrangement
greatly increases the single pulse injection and amplification
efficiency. Another measure taken to increase the single pulse
output of the amplifier was to replace the single polarization
prism in the amplifier cavity with a pair of thin film
polarization plates. The pair of plates have a larger extinction
coefficient (-10,000:1) than the single prism. The
combination of the external E/o and the internal polarization
plates ensures only single pulse amplification and output from
the regenerative amplifier.
An acousto-optic modulator was added to the regenerative
amplifier cavity to increase the injection efficiency into the
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amplifier. The A/o is also used to oscillate the Qrfactor of the
cavity for amplification. When the A/o is switched off, the
cavity losses are low and the radiation in the cavity is
uneffected by the A/o. When switched on, the A/o causes the
radiation to be diffracted out of the cavity (high losses) and
lasing stops within the cavity. The transition between the high
loss to the low loss modes of the A/o is not an instantaneous
process; the rise time of the pockel cell used in this system is
50 nsec. During this transition period, the light in the
amplifier is diffracted out of the cavity as a set of diffraction
spots. The pulse being injected into the regenerative amplifier
is reflected through the optical path of one of these diffraction
spots. Once in the cavity, the pulse remains trapped due to
the fact that the polarization plates in the cavity are set to
transm it the pulse at 90° polarization and reflect pulses in the
polarization of the mode-locked laser. The plates are set to
reflect the pulses in a z-shaped pattern through the optical
path of the amplifier cavity. Since the injected pulse has the
same polarization as the output of the mode-locked laser, it
remains trapped in the cavity.
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To increase the shot-to-shot stability of the intensity of the
output pulses from the regenerative amplifier, a photodiode
was added outside the amplifier cavity and one of the end
mirrors replaced by a 95% reflector. Five percent of the
amplified pulse is transmitted by the reflector and focused
onto the photodiode. The diode is used as an external trigger
for the cavity switch-out electronics. When the diode receives
a pulse intensity that corresponds to the desired photon flux
in the amplified pulse, the switch-out electronics are triggered
and the amplified pulse is ejected from the cavity. This
technique increases the shot-to-shot stability o f the
regenerative cavity to ^5% variation between pulses.
Figure 2.10 shows the modified regenerative laser
system.(Note: the photodiode used to trigger the switch-out
electronics has been omitted from fig. 2.10) In this diagram,
the E/o modulator inside the regenerative cavity is used to
switch the polarization of the amplified pulse and cause the
polarization plates to eject the pulse from the cavity. The
mode-locked laser, optic fiber and fiber length, and grating
separation are the same as discussed in section 2.7. The final

47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

output energy of this system is ~1 m j/pulse in a pulse with a
-10 psec temporal pulse width, and at a 2 kHz repetition rate.
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Figure 2.10
Schematic for modified regenerative amplified Nd:YAG laser
system. Additional electro-optic modulator and prism used for
pulse picking on seed pulse train. Acousto-optic modulator
added to regenerative cavity. Note: the photodiode which
controls the switch out time of the amplifier cavity is not
shown in this diagram. Photodiode is positioned behind end
m irror o f amplifier cavity. O utput pulses:
X= 1.064 pm, t = 10 ps, energy/pulse = 1000 pj, repetition
rate = 2 kHz (maximum).
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Chapter 3
Picosecond Transient Absorption Spectroscopy At Wavelengths
Between 200-300 nm
3.1) Introduction
The focus of this chapter will be on a novel technique for
doing transient absorption spectroscopy. The difference
between the system designed at L.S.U. and other systems
currently being used is the white light probe source. While
most transient absorption systems use the emission from a
flash lamp, a laser dye or a continuum generated in a liquid,
this new technique uses light from a plasma generated in a
high pressure halogen gas as its probe source. Before
discussing this new technique, other apparatus for doing
transient absorption will be discussed to demonstrate some of
the other techniques for doing transient absorption. Also, a
brief discussion on the physics behind the generation of
plasmas by light pulses will be presented.
Transient absorption spectroscopy is a pum p/probe
technique for studying excited o r intermediate states in a
molecule. A pulse of light is used to excite a transient state in
a molecule. Once created, the transient state can be examined
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by a probe beam to determine what wavelengths of light are
absorbed by the transient state. Transient absorption can also
be used to perform dynamic studies to determine the lifetime
of the transient state. The probe source for transient
absorption is usually a pulse with a broad wavelength profile;
a pulse with a wavelength profile on the order of 100 nm is
generally referred to as a "white" light pulse. White light
sources simplify the process of measuring absorption curves
over large sets of wavelengths. Absorption systems using
various white light sources will be discussed below.
3.2) Transient Absorption Systems
The earliest transient absorption systems utilized fast flash
lamps to obtain millisecond white light pulses.(3.17) Later
systems used lasers to generate white light continuums in
H20/D 20 and other solutions, or to pump organic dyes for use
as emission sources. This section will look at some designs for
using these sources and describe some of their limitations.
The temporal resolution of a transient absorption system is
controlled by several factors. The main two factors are the
temporal width of the probe pulse and the temporal resolution
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of the detector used to collect the signal. The limitation o f the
probe pulse will be discussed for the individual systems in
later sections. The detectors used in these systems vary from
simple photomultiplier tubes and photodiodes to optical
multichannel analyzers and streak camera systems.
Photodiodes and photomultiplier tube measure the intensity
of the light only and are generally used with a wavelength
separation element to obtain wavelength verses intensity
profiles. Both photodiodes and photomultiplier tubes have
fast response times which allow them to detect events on a
picosecond time scale. The tem poral resolution of these
detectors is primarily controlled by the pulse width o f the
probe source being used to generate the spectra. To perform
dynamic studies, apparatus using photodiodes or
photom ultiplier tubes as their detectors require the optical
delay between the pump and probe light pulses to be changed.
Streak cameras with optical multichannel analyzers can be
used to obtain both intensity and temporal information. (See
sect 3.4) The temporal resolution of these systems is
determ ined by both the tem poral resolution of the detector
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and the temporal profile of the probe pulse. These systems
can be used to perform limited studies of the dynamics of the
transient state without changing the time delay between the
pump and probe sources. This is possible because these types
of detectors are designed to sample a temporal window during
the event being examined. Any changes in the intensity
profile that occur during this window are detected without a
change in the optical delay between the pump and probe
sources being required.
Since the probe source in a transient absorption apparatus is
a broad wavelength source, it is necessary to separate the
probe pulse into individual wavelengths to obtain an
absorption curve. Wavelength separation can be performed
either before or after the light passes through the sample by
either a monochromator or frequency bandpass filters,
depending on the frequency resolution required and the
detector being used.
3.2a) Flash Lamp Sources
The first white light sources used in transient absorption
experiments were flash lamps.(3.17) High repetition rate flash
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lamps use a tungsten filament or an electric discharge through
a high pressure rare gas, such as xenon or argon, to generate
light These lamps give strong output intensities in the visible
wavelengths (400-700 nm) while having almost no Intensity in
the ultra-violet wavelengths. The temporal pulse width of
flash lamps can vary from milliseconds (10-3 sec) to widths as
narrow as several tens of picoseconds (1 0 12 sec) depending on
the particular lamp used.
In flash lamp absorption systems, the pulse from the lamp is
divided in half by a partially reflecting optical component.
Part of the light will be used as the probe source and the rest
will be used as a reference source. This is a standard
technique used in absorption spectroscopy and allows the
spectra of a unexcited (reference) sample to be subtracted
from the excited signal. The transient absorption spectra is
plotted as intensity of the probe divided by the intensity of
the reference verses either wavelength or time.
3.2b) Laser Dye Emission Systems
In a dye emission system, the emission from an optically
pumped organic dye is used as the probe source for
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absorption. The emission from the laser dyes have broad
wavelength profiles of 10 nm to 100 nm, Wavelengths from
300 nm to 1000 nm can be obtained using different organic
dyes and pump sources. The pump source for these dyes can
be either a high energy flash lamp or, in more common
applications, a laser.(See chapter 2 for a more detailed
discussion of laser dye pumping) Figure 3.1 (3.2) shows the
schematic for a picosecond transient absorption apparatus
using a dye emission source and a streak camera detection
system. In figure 3.1, the output of the Nd:YAG laser is used to
create the dye emission and, with the aid of a phototdiode,
control the timing of the streak camera detector. The
wavelength separation is performed on the light after the
sample cell by a monochromator. The temporal resolution of
this system is -40 psec and is controlled by the resolution of
the streak camera.(3.2)
The temporal pulse width of the dye emission is controlled
by the lifetime of the emitting state. One factor that changes
the temporal pulse width of the dye emission is the fact that
the laser pulse that excites the dye can also cause the dye to
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Optical set-up for laser pumped dye absorption system. SHG =
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lase.(3.2) This effect can cause errors in the lifetimes
measured by the laser dye pulse. If the dye lases, it can
supply enough energy to excite the transient state in the
molecule or to excite any existing excited molecules to higher
energy levels. This effect will cause the measured lifetime of
the transient state to be longer than the actual lifetime of the
excited state. To avoid this complication, the concentration of
the dye is kept low and the windows in the dye cell are antireflection coated and angled to be unparallel.(3.2) Angling
and coating the windows prevents the cell from acting as a
resonator cavity.
3.2c) D2O/H20 Continuum Systems
High energy laser pulses can generate white light
continuums in many different materials, such as water and
glasses.(3.5,6) One common solution used as a medium for
generating continuums is a mixture of H20 and D20. In a
H20/D 20 solution, a continuum can be generated which has a
wavelength profile that extends from 400-1000 nm. (see figure
3.2)(3.6) Changing the power per area or the wavelengths of
light being used to generate the continuum can extend the

57

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

v [l03cm ‘]

r\J

m

600

1000

800

K[nm)

Figure 3.2
Continuum generated in an H20/D 20 50/50 mixture at laser
intensities of a) 4 X 1011 W/cm2 and b) at 2 X 1011 W/cm2.
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emission wavelength range to 300 nm.(3.1) Changing the
concentration of the components in the mixture can also be
used to change the spectral range of the continuum.(3.6) A
white light pulse form a H20 /D 20 continuum will have a
temporal resolution close to th at of the excitation pulse.(3.5,6)
Self-focusing and other non-linear effects in the continuum
media cause a broadening in the frequency components of the
input pulse as it generates the continuum (3.6); this causes the
broad wavelength profile of the continuum. One complication
in generating continuums with a high energy picosecond pulse
is the production of stimulated Raman scattering.(3.1) To
prevent this, solutions with low Raman cross-sections are
used.(3.6) The low Raman cross-sections of H20 and D20
makes them ideal as a medium for continuum generation.
Figure 3.3 (3.1) shows an experimental set-up for doing
transient absorption using a D20 /H 20 continuum as the probe
source. In this system, a dye amplified pulse from an argonion laser is used to generate a picosecond white light pulse in
the D20/H 20 cell. The continuum is pumped by a 1 psec
pulse with a 595-605 nm wavelength profile.(3.1) The
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wavelength profile of the pulse is broadened so th at the
continuum pulse has a 300-1000 nm profile.(3.1) The pulse
rate of the continuum is the same as that of the pump laser.
This system can be used to perform dynamic studies by using
an optical delay to change the timing between the pump and
probe pulses in the sample cell.(see fig. 3.3)(3.1)
3.2d) Disadvantages of Previous Systems
While the above mentioned systems all have many
advantages, such as narrow pulse widths and high pulse
intensity throughout the visible spectrum, they all lack the
ability to probe into the ultra-violet region of the spectrum.
Most organic molecules have large absorption cross-sections in
the spectral region from 200-300 nm. The lack of sources with
photon flux in this region severely limits the ability to study
these molecules with the transient absorption systems
discussed above.
3.3) Laser Induced Plasmas
The inability of the light sources used in previous transient
absorption systems to produce ultra-violet light led to the
exploration of other techniques of generating a white light

61

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

continuum. Reports have been published on generating ultra
violet and soft X-ray wavelength light from laser induced
plasmas formed in high pressure gases and from metal targets.
(3.12-15) This information raised the possibility of using the
emission from a laser induced plasma as a probe source for
transient absorption. Before discussing the different materials
tested and their temporal and wavelength profiles, as brief
discussion will be presented below to define what is meant by
the term "plasma" and to point out some important physical
aspects of plasmas.
The first concept th at must be presented in this discussion is
what is meant by the term "plasma." The kinetics of a plasma
can be defined by several different mathematical models.
Examples of some o f these models are the two fluid model
(3.7,9), Klimontovich equations (3.10), and Vlasou equations
(3.7,9,10,11). All o f the above mentioned models are
complicated mathematical techniques for describing the
generation and interactions of a plasma. This discussion will
not present the mathematics of the plasma, but will give a
qualitative description of plasmas. Plasmas have been
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referred to as the forth state of m atter (3.10) and a simple
definition of a plasma is difficult to produce. A plasma can be
defined as a system o f positively charged ions and electrons
which are coupled by their self-consistent electric and
magnetic fields. This system of particles is generated by the
ionization of a gas. The plasma created will have a physical
state with high electrical conductivity and mainly gaseous
mechanical properties. In the ionized gas, the potential
energy of a typical particle due to its nearest neighbor is much
smaller than the kinetic energy of that particle.
A plasma is created by heating a gas to extremely high
temperature to cause ionization. In nature, the temperatures
required to cause plasma formation occur in the interior of
stars.(3.11) In planets close to stars, ultra-violet radiation
from the star can cause plasma formation in the upper
atmosphere of the planet.(3.11) In this case, the
recombination of the ionized particles is a slow process and
the plasma is maintained for long periods of time.(3.11) In
the laboratory environment, there are several techniques for
generating the conditions required for plasma formation. One
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simple source for producing the tem perature required to
ionize a gas is to focus a high energy laser pulse in the
gas.(3.7) Lasers can be used to generate plasmas from metal
targets as well as from gases. When interacting with a metal
target, the laser pulse first vaporizes the metal atoms from the
surface of the solid, then ionizes the resulting vapors.(3.12)
Both metal and gas plasmas were explored as white light
sources. Eventually, a gas plasma was decided upon for
reasons that will be apparent after the discussions of the next
sections
As mentioned in the introduction to this section, several
reports have been published on using laser induced metal or
gas plasmas to produce light in the deep ultra-violet and soft
X-ray regions of the spectra.(3.12-15) The main question
which needed to be examined further was what was the
lifetimes of the radiation from these plasmas. Plasmas can
emit radiation in the form of atomic lines or as a continuum.
The continuum light emission from a plasma is from two
different phenomena. One of these phenomenon is the
recombination o f a free electron with an ion in the
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plasma.(3.11) This recombination corresponds to a transition
between electronic states in an atom. Since the free electron
can have any kinetic energy, a wide variety of energies can be
released during recombination.(3.11) The other phenomenon
is when a free electron loses kinetic energy from deceleration
caused by interaction with an ion o r another electron.(3.11)
In this case the electron only loses kinetic energy and is not
captured by the ion. Radiation from this source is referred to
as "bremsstrahlung" radiation.(3.11) As in the case of
recombination, since the electron can lose any amount of
kinetic energy, the radiation produced is over a broad
continuum of wavelengths. Both phenomena will be
considered when discussing metal and gas plasmas. Also, the
effect of an inverse bremsstrahlung situation will be examined
as an explanation of the temporal width of the plasma
generated from a metal target(3.12)
3.4) Metal Plasma Sources
Plasmas generated on metal surfaces were examined as ultra*
violet light sources. Metal plasmas were attractive light
sources for several reasons, including the relatively low energy
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required to generate a plasma from a metal and the lack of
special sample preparation for the metal targets. To generate
the plasma, the infra-red output of the laser system discussed
in chapter 2 was focused to a -.1 mm diameter spot on the
metal target. This provided sufficient focused energy (2.5 x
104 W/cm2) to vaporize the metal and ionize the resulting
vapors.
Some of the various metals examined were stainless steel,
carbon steel, aluminum and niobium. Carbon, in the form of
graphite, was also examined during this study. The samples
were examined to determine the wavelengths and temporal
profiles of the emission from the metal plasmas. The first
source tested was a stainless steel target The wavelength
spectrum for this source can be seen in figure 3.4. While the
plasma from steel had strong intensities from 250 nm through
400 nm, it did not produce any light below 250 nm. The steel
plasma also lacked intensity in the 400-500 nm range. The
next source examined was a graphite carbon target; since
carbon is a nonmetal, it was thought that a carbon plasma
might prove to have interesting emission properties. The
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Figure 3.4
Wavelength profile of a plasma generated from a stainless
steel target by the IR output of the regenerative Nd:YAG laser
system at a power of 2.5 X 104 W/cm2.
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spectrum of the carbon plasma can be seen in figure 3.5. The
carbon plasma gives very intense emission from 200-250 nm
then rapidly drops off. A carbon steel target was tested to
determine if it would have an emission profile that was a
combination of both carbon and steel. Unfortunately, this
hypothesis proved to be incorrect as can be seen from the
wavelength profile of carbon steel in figure 3.6. Not only was
the carbon steel plasma not continuous from 200-400 nm, but
its wavelength profile did not extend as deep into the ultra
violet region as the plasmas of either carbon or stainless steel.
The plasma generated from an aluminum target was examined
to determine its wavelength profile. Plasmas from aluminum
had been reported to have emissions in the soft X-ray region
of the spectrum.(3.13) It was hoped that this emission could
be extended through the ultra-violet spectrum. The
wavelength profile of aluminum can be seen in figure 3.7. The
emission from the aluminum plasma was continuous from
220-400 nm and a promising source for the transient
absorption apparatus. The large peaks in the aluminum
spectra were a cause for concern, but, since transient
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Figure 3.5
Wavelength spectrum of a carbon (graphite) plasma generated
by the IR output o f the regenerative Nd:YAG laser system at a
power of 2.5 X 104 W/cm2.
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Figure 3.6
Wavelength spectrum of a carbon steel plasma generated
plasma generated by the IR output of the regenerative Nd:YAG
laser system at a power of 2.5 X 104 W/cm2.
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Figure 3.7
Wavelength spectrum of an aluminum plasma generated by
the IR output of the regenerative Nd:YAG laser system at a
power of 2.5 X 104 W /cm2.
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absorption is measured as a ratio of intensities, the reference
source would compensate for these intensity fluctuations. A
stronger source for radiation in the region of 200-250 nm was
still desired, so other metals were tested to find a plasma with
the desired intensity in this region.
The plasma from a rare earth metal was the next source
examined. Figure 3.8 shows the emission profile of a plasma
generated form a niobium targ et Since the emission from a
niobium plasma is continuous from 220 nm to 420 nm,
niobium was chosen as the source for the absorption system.
Once the wavelength profile was determined, the temporal
profile of the niobium was examined.
3.4a) Temporal Profile of a Niobium Plasma
The temporal profile of the niobium plasma was measured
using a Hadland Photonics Imacon 500 streak camera system.
This system uses a photodiode array for detection of the signal
from the camera. The main component in a streak camera
system is the streak tube. The streak tube utilizes a
photocathode to convert the incoming photons into an
electron stream. The intensity of the electron stream is
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Figure 3.8
Wavelength spectrum of a niobium plasma generated by the IR
output o f the regenerative Nd:YAG laser system at a power of
2.5 X 104 W/cm2.
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directly proportional to the intensity of the incoming light.
The electron stream is accelerated through a pair of streak
plates where sinusoidal applied voltage ramps causes the
stream to be swept from side to side. The resulting streaked
electron stream falls on a phosphor screen and can be
detected as a temporally resolved line. Varying the voltage
ramp across the streak plates will change the width o f the
streak pattern on the phosphor screen; this allows the
temporal resolution of the camera to be increased. A fiber
optic bundle is used to transfer the streak image from the
phosphor screen to a photodiode array. Fiber optics are used
so that the diodes in the array only see the phosphorescence
from the screen directly in front of the individual diode. In
this way, each diode in the array corresponds to a different
time during the event being recorded. The data from the
streak camera is plotted as intensity verses the num ber of
channels o r diodes the image is spread across. Since the
streak pattern depends on the ram p voltage, the time
resolution of each diode is dependent on the ramp voltage. In
the data presented here, the x-axis will be the num ber of
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diodes the image is spread across; this will be converted to
temporal data in the text and figure captions.
It was found that the niobium plasma had a temporal width
greater than the 5 nsec temporal resolution of the camera
system. Figure 3.9 shows the temporal profile of the niobium
plasma. The duel peaks in figure 3.9 are from an effect known
as "wrap around." Wrap around occurs when the lifetime of
the event being measured is longer than the temporal
resolution of the streak camera. The image streaked across
the detector a t later times overlaps with the signal from earlier
times during the event. Figure 3.10 shows the temporal
profile of a short (< 5 nsec) temporal decay measured with the
streak camera and a long (> 5 nsec) "wrapped" temporal
profile.
Before discussing the reason for the extended lifetime of the
niobium plasma, it is necessary to define two processes that
occur in metal plasmas. The first is an "inverse
bremsstrahlung" effect The excess kinetic energy available in
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Figure 3.9
Temporal profile of a niobium plasma generated by the IR
output of the regenerative Nd:YAG laser system at a power of
2.5 X 104 W/cm2. Measured using a Hadland Photonics Imacon
500 streak camera system. Temporal width is greater than the
5 ns resolution of the camera. Wrap around effect seen as twin
peaks at channels 251 and 751.
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Comparison of a) short (t £ 5 ns) tem poral decay and b) long
(t ^ 5 ns) temporal decay as detected by Imacon 500 streak
camera system.
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1001

the high tem perature plasma can accelerate free electrons.
These accelerated electrons can then collide with neutral
atoms causing ionization.(3.12) Since the electrons freed by
the collision can then be accelerated and cause more
ionization this is referred to as an "avalanche ionization"
process.(3.12)
In a metal plasma, the total plasma is composed of plasmas
from both the heated metal vapor and the surrounding
atmosphere. When the laser Irradiates the metal, the solid is
first vaporized, then ionized to form the plasma. Accelerated
electrons In the metal plasma can cause avalanche ionization
to take place between the heated metal vapor and the
surrounding atmosphere. This forms a second plasma in the
air around the metal plasma. The overall effect of these duel
plasmas is to extend the lifetime of the radiation from the
metal plasma. The total lifetime of the radiation from the
metal plasma is a combination of the radiation from the initial
heated vapor and the later plasma formed in the air in contact
with the metal vapor.
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3.5) Plasmas Generated in Gases
The lifetimes of plasmas produced in gases differ from those
produce on a metal surface for several reasons. One reason is
that avalanche ionization in a gas plasma will not start a
second plasma in the surrounding atmosphere. The gas is in a
high pressure cell so the plasma is confined to a small area
and does not start a secondary plasma that will extend the
lifetime of the emitted radiation. The lifetime of the gas
plasma is also dependent on the pressure of the gas. The rate
of electron-ion collisions (vel) is directly proportional to the
ion density

(n |):(3.11)
vei = n i pv

In this equation, p is the momentum of the electron and v is
velocity of the electron before the collision.(3.11) Changing
the pressure of the gas changes the amount of ions available
for recombination and will change the recombination rate of
the charged particles and the rate of avalanche ionization in
the gas.(3.11) Increasing the rates of recombination and
avalanche ionization will shorten the lifetime of the plasma.
Therefore, by controlling the pressure of the gas in which the
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plasma is generated, th e temporal profile o f the plasma can
be controlled.
The amount of energy required to generate the plasma also
differs horn metals to gases. More energy is required to
generate a plasma in a gas because the cold gas lacks the
excess energy available in the heated metal vapor.(3.12) This
extra energy makes it easier to reach the ionization potential
of the atoms in the m etal vapor. Therefore, the laser has to be
focused to a smaller spot size before the plasma is initiated in
a gas. A microscope objective was used to focus the 2nd
harmonic of the NdiYAG laser system discussed above to a ~1
A/m spot diameter in the gas. The smaller spot size gives the
gas plasma a greater energy source (1.3 x 1012 w/cm2) for
ionization.
In the gas plasma studies, the temporal width of the various
plasmas was examined before the wavelength profiles were
studied. The temporal profiles of air at atmospheric pressure,
argon at 34 and 68 atm s, and nitrogen at 100 atms can be
seen in figures 3.11, 3.12 and 3.13, respectively. The lifetimes
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Figure 3.11
Temporal profile of a plasma generated in air at atmospheric
pressure by the 2nd harmonic of the regenerative Nd:YAG laser
system a t a power of 1.3 X 1012 W/cm2. Temporal with is >5
ns.
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Figure 3.12
Temporal profile of an argon plasma generated by the 2nd
harmonic of the regenerative Nd:YAG laser system at a power
of 1.3 X 1012 W/cm2.
a) At 34 atms t > 5 ns
b) At 68 atms t > 5 ns
82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

f-f

HI
/ ’*

251

501

Figure 3.13
Temporal profile of a nitrogen plasma at 100 atms generated
by the 2nd harmonic of the regenerative Nd:YAG laser system
at a power of 1.3 X 1012 W/cm2. Plasma lifetime > 5 ns.

83

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

1001

of the plasmas from these gases were all longer than the 5
nsec temporal resolution o f the streak camera system.
The temporal profile of a xenon gas plasma was the most
promising of the gases tested. Figure 3.14 a,b shows the
lifetime of the xenon plasma a t 3.5 atms, and 34 atms. At 34
atms (fig. 3.14b), the lifetime of the plasma has been
shortened appreciably from the 3.5 atms lifetime. It was
assumed at this point that if the xenon gas pressure could be
increased to between 70-100 atms, then the lifetime of the
plasma could be shortened to the picosecond range. The use
of a combination of xenon with another gas a t pressures of
-100 atm s to obtain a plasma with a short lifetime was also
examined. The first gases used were xenon and argon. Figure
3.15 shows the lifetime of the plasma generated in 3.5 atms of
xenon and 100 atms of argon. As can be seen in figure 3.15,
the Xe/Ar mixture did not generate a temporally short plasma.
The lifetimes of the plasmas generated in xenon/nitrogen gas
mixtures at 10 atms, 68 atms, and 100 atms can be seen in
figure 3.16 a,b,c. As the pressure increased in the gas mix,
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Figure 3.14
Temporal profile of a xenon generated by the 2nd harmonic of
the regenerative NdrYAG laser system at a power of 1.3 X 1012
W/cm2.
a) At 3.5 atms plasma lifetime > 5 ns.
b) At 34 atms plasma lifetime = 5 ns.
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Temporal profile of Xe/Ar mixed gas plasma at 100 atms
generated by the 2nd harmonic of the regenerative Nd:YAG
laser system at a power of 1.3 X 1012 W/cm2. Lifetime of
plasma > 5 ns.
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Figure 3.16
Temporal profiles of a Xe/N2 mixed gas plasma generated by
the 2nd harmonic of the regenerative Nd:YAG laser system at a
power of 1.3 X 1012 W/cm2. Total gas pressures of (a) 10 atms,
(b) 67 atms, and (c) 100 atms. Lifetime of plasma a t 100 atms
= 2300 ps.
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the lifetime of the plasma is seen to substantially decrease.
Figure 3.17 shows an enlargement of the temporal
profile of the plasma generated in a mixture of xenon and
nitrogen at 100 atms. The lifetime of this plasma is short
enough to be determined by the streak camera system. The
calculated lifetime of this plasma is 2300 psec. The lifetime
shown in figure 3.17 shows a bi-exponential decay with the
fast decay taking place in ~500 psec. The more intense fast
decaying portion of the plasma is short enough to be utilized
as the source for the transient absorption apparatus. Once the
lifetime was shortened to a useable time, the wavelength
spectrum of the gas mixture was examined. Figure 3.18 shows
a point spectrum of the wavelength profile of the Xe/N2
plasma. This plasma shows almost constant intensity from
200 nm to 700 nm. It should be noted that the drop out point
at 532 nm in the spectra in figure 3.18 is the laser line of the
excitation source.
One question that is raised by the pressure shortening of the
plasma is whether the lifetime of the plasma is being
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Figure 3.17
Enlargement of temporal profile of Xe/N2 plasma at 100 atms.
Plasma shows bi-exponential decay with a fast decay time of
approximately 500 ps. Total lifetime of plasma is 2300 ps.
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Figure 3.18
Point spectrum of the wavelength profile of the Xe/N2 plasma
generated by the 2nd harmonic of the regenerative NdrYAG
laser system at a power of 1.3 X 1012 W/cm2. Drop out point at
532.0 nm is due to the laser line of the excitation source.
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700C

shortened by a change in the recombination rate or is only a
temporal slice of the plasma being observed when the pressure
is increased. Figure 3.19 shows a plot of the ratio of intensities
(I/I10) verses pressure for the plasma with the intensity o f the
lowest pressure used as I10. As can be seen in figure 3.19, the
intensity ratio does not decrease as pressure is increased; from
this the conclusion can be drawn th at the same number of
emitting states exist in each case. Therefore, the plasma is
being shortened by a real phenomenon, and no because a
temporal slice in the plasma emission is being observed. This
shortening is believed to be caused by an increase in the rate
o f avalanche ionization that is occurring in the plasma
combined with an increase in the recombination rate of ions
and electrons. These two events work to shorten the lifetime
of the emitted radiation.
3.6) The Plasma Transient Absorption Apparatus
Once a plasma source was found with the desired temporal
and wavelength profiles, an apparatus utilizing the plasma
source was designed. Figure 3.20 shows the schematic for the
plasma transient absorption apparatus. In this system, the
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Figure 3.19
Plot of I/I10 verses pressure of the Xe/N2 plasma. The intensity
of the plasma at 10 atms is used as Il0.
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Figure 3.20
Schematic for Xe/N2 plasma transient absorption apparatus.
Optical path is discussed in text.
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2nd harmonic (532.0 nm) from the regenerative laser system
discussed in chapter 2 is used to generate the plasm a in the
gas. The 2nd harmonic proved to produce a m ore intense
plasma than the fundamental of the laser system (1.064 pm).
The 2nd harmonic is focused to a ~1 pm spot diam eter in a
high pressure gas cell. Inside the cell is a Xe/N2 gas mixture
used as the source for the plasma. The emission from the
plasma is collected using achromatic optics and p u t through a
monochromator for wavelength separation. Wavelength
separation is performed before the light impinges on the
sample to prevent any temporal broadening of th e absorption
signal. Grating monochromators can cause minor temporal
broadening of a light pulse. This broadening will cause
inaccuracy in the lifetimes calculated by a system where
wavelength separation is performed after the light passes
through the sample cell.
The desired wavelength is selected and focused through the
sample cell. A shutter is used to control when the sample sees
the excitation pulse. A photodiode is used to signal the
computer when the excitation shutter is open and closed. The
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different data from the two different conditions are sorted
into different channels in the computer. This allows a
transient signal and a reference signal to be obtained from a
single sample cell without splitting the probe beam.
After passing through the sample cell, the probe source is
reflected into the streak cam era optics. The streak camera
used in this system is a Hadland Photonics Imacon 500 system.
This system is discussed in detail in section 3.4a and will not
be rediscussed here. The signal from the photodiode array is
transferred to a computer and plots of the ratio of the
intensity with and without excitation (I/I0) verses time can be
determined. By scanning the monochromator to different
wavelengths, three dimensional plots of intensity verses time
and wavelength can be obtained.
The effectiveness of this new technique was tested by
measuring the lifetime of the transient of trans-stilbene. Tstilbene has a well characterized transient state, so
information concerning its lifetime is readily available. In our
experiment, t-stilbene at a 2mM concentration in water was
excited with a 266.5 nm pulse and probed at 560 nm; this
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probe wavelength was used to match other experiments found
in the literature.(3.16) Figure 3.21 shows the transient
absorption profile of t-stilbene as determined by the plasma
transient absorption system. The lifetime of the transient
state was found to be 300 ± 10 psec by our system. This is in
good agreement with literature values of 307 psec for the
transient state.(3.16)
3.7) Conclusions
The new plasma transient absorption system designed here
has several advantages over other systems In use. The
extended wavelength range of this system will allow transients
that absorb in the deep ultra-violet region to be examined. By
performing wavelength separation before the light is exposed
to the sample, the temporal resolution of the transient events
being measured can be improved. Finally, this system has a
short data acquisition time. The transient absorption spectra
shown in figure 3.21 had a data acquisition time of one
minute. The reason for the excellent signal to noise ratio with
such a short data acquisition time is the high repetition rate
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Figure 3.21
Transient lifetime of t-stilbene at 2mM in H20. Pump
wavelength = 266.5 nm; Probe wavelength = 560.0 nm.
Lifetime of transient state 300 ± 10 ps.
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and pulse energy of the regenerative amplified laser system
(see chap. 2) used to generate the plasma light source. The
regenerative laser system generates a spectrally Intensity
plasma and the repetition rate of the light pulses from the
plasma matches that of the laser system (1-2 kHz).
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Chapter 4
Interligand Electron Transfer In Ruthenium Polypyridal
Complexes: Theory
4.1) Introduction
The photochemistry of polypyridyl complexes of Ruthenium
and other transition metals has been a subject of intensive
investigation.(4.1-5) Particular interest has been paid to
Ruthenium (II) polypyridine complexes because of their
unusual excited state properties. Also, the possibility of using
Ruthenium polypyridyl complexes as light-activated antennae
to dump electrons into other systems has raised interest in the
photochemistry of these complexes.(4.6-7) In order to
optimize the use of the photochemical properties of
Ruthenium (II) complexes, the process of interligand electron
transfer (ILET) in the metal-to-ligand charge transfer (MLCT)
state must be understood. This chapter addresses the theory
of electron transfer In molecules. Also, the technique of
resonance Raman spectroscopy will be discussed.
The amount of research and literature on Ruthenium (II)
polypyridyl photochemistry, especially Ruthenium tris-2,2'-
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bipyridine (Ru(bpy)32+), is extensive and no effort will be
made at reviewing it. Most Ruthenium (II) polypyridine
complexes will under go MLCT when excited with photons in
the wavelength range between 300-600 nm. Of particular
interest with these complexes is the question of where the
electron goes after charge transfer to the ligand has occurred.
Since Ru(bpy)32+ is a D3 symmetry complex, the transferred
charge can either be localized on a single ligand or delocalized
over all three ligands. This symmetry makes Ruthenium
complexes excellent models for studying electron transfer
theory.
4.2) Interligand Electron Transfer
When a photon of sufficient energy is absorbed by the
ruthenium atom in a ruthenium polypyridal complex, it
excites the release of an electron to the ligands attached the
metal. This is commonly known as a metal-to-ligand charge
transfer(MLCT). The electron released has an increased
amount of electronic energy; this is due to the absorption of
electronic energy from the photon. Once transferred to the
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Figure 4.1 shows the various electronic states o f a mixed
ligand ruthenium complex effected by the influx of electronic
energy from the electron. In figure 4.1 ligands "A" and "B" are
at the same electronic energy level, while ligand "C" has a
lower electronic energy due to electron withdrawing groups
"X" which are substitute for hydrogen atoms on the
polypyridal molecule. When the photon impinges on the
ruthenium complex, causing the charge transfer, the ligands
are excited from the ground singlet electronic state to the first
excited singlet state. At this point, the highly energetic
electron can undergo interligand electron transfer (ILET) and
pass between the three ligands. The ligands can then undergo
intersystem crossing (ISC) of electronic levels to the upper
electronic levels of the triplet electronic state. Once in the
triplet electronic state, relaxation occurs from the upper
triplet levels to the lowest triplet level. Due to the excess
energy the electron carries into the excite singlet state and the
upper levels of the triplet state, ILET occurs at a rapid rate in
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Figure 4.1
Electronic state schematic for interligand electron transfer
(ILET) for a mixed ligand ruthenium polypyridal complex.
Potential energy values for ligand A and Ligand B are equal
while ligand C as a lower potential energy.
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these states. Once in the lowest level of the triplet state the
rate o f ILET slows. Because of the fast ILET rates and short
lifetime of the excited singlet state and the upper triplet
states, only the ground singlet state and the lowest level of the
triplet state exist long enough to be detected by picosecond
Raman spectroscopy. The ground singlet and triplet states are
given the designation as the ground and excited states,
respectively, in the Raman spectra of the complexes presented
in later chapters.
Electron transfer theory, discussed below, states that the
excited electron will tend to transfer to and be trapped by the
ligand with the lowest electronic energy. Therefore, if ILET
occurs rapidly and completely before the ligands reach the
lowest level of the triplet state, electron population would only
be detectable in the ligand with the lower electronic energy. If
ILET is inhibited In the excited singlet state and in the upper
levels of the triplet level, when the ligands relax to the lowest
triplet level, electron population would be detectable in all
three ligands.
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4.3) Electron Transfer Theory
One of the most im portant processes In photochemistry is
photoinduced electron transfer. Understanding o f the
mechanisms of photoinduced electron transfer is necessary to
understand the mechanisms and dynamics of other light
stimulated reactions, such as photosynthesis. In general, the
rate of electron transfer in a photoreaction is controlled by the
following factors:(4.8)
Energy gap between initial state and final state.
Magnitude of electron interactions between donor and
acceptor.
Reorganization energy of the solvent environment
surrounding the donor and acceptor.
Interactions between solvent and donor or acceptor.
Figure 4.2 shows the schematic potential for electron
transfer in the case of weak interaction between the donor and
acceptor. In the normal region, the rate of electron transfer
gets faster as -AGo increases. The maximum rate is achieved at
the point where the bottoms of the potential energy wells
intersect. After this point, the potentials move into the
inverted region. In the inverted region, the rate decreases as
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Normal region

Inverted region

Figure 4.2
Potential energy schematic for electron transfer between
ligands with low electronic coupling. ILET occurs at a faster
rate in the normal region than in the inverted region due to
the barrier to electron transfer caused by the low electronic
coupling.
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-AGo increases. Figure 4.3 shows a simplified picture of the

electronic coupling between potential energy wells. In the
case of low coupling, the barrier to electron transfer is high
and, from classical mechanics, the transfer of electrons should
be forbidden. However, from quantum mechanics, it is
possible for electrons to tunnel through the barrier and
transfer between ligands. This transfer should be extremely
slow because of the tunneling mechanism. In the other case,
the electronic coupling between the ligands is extremely
strong and the barrier to electron transfer is smaller or, if the
electronic coupling is strong enough, there is no barrier at all.
Obviously, in this case the rate of transfer of electrons
between ligands would be extremely fast (on the order of 10*
l3/sec). The picosecond Raman experiments discussed below
study the effect of changes in AGo on the rate of ILET in D3
symmetry ruthenium polypyridine complexes.
4.4) Resonance Raman Spectroscopy
In this experiment picosecond time resolved resonance
Raman spectroscopy will be used to probe the extend of ILET
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Figure 4.3
The effect of electronic coupling on the classical reaction
barrier. A) Low degree of coupling between ligands. Slow rate
of ILET.
B) High degree of coupling between ligands.
Faster rate of ILET.
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versus time following photoexcitation. In normal Raman
spectroscopy, monochromatic light at a frequency v0, referred
to as the Rayleigh line, impinges on a sample, with the
majority of the light simply transm itted through the sample
with no change in frequency. However, not all of the radiation
is transm itted without change; some of the radiation is
scattered from the sample. This phenomenon is referred to as
Rayleigh scattering. The scattered radiation contains not only
the fundamental frequency but also frequencies at v' = v0 _
vm.(4.14-15) These shifted frequencies are called Raman
bands or lines and the shift in frequency is referred to as a
Raman o r Stokes shift. Frequencies shifted to the blue or
higher frequencies of the Rayleigh line are called anti-Stokes
band, while frequencies shifted to the red are referred to as
Stokes bands. The intensity of Rayleigh scattering is usually
on the order of IO-3 that of the incident radiation, and the
intensity of Raman bands are on the order of less than 10-3 the
intensity of the Rayleigh scatter.
Normal Raman scattering is a weak effect in most molecules.
One technique for increasing the intensity of the Raman
MR
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scatter from a molecule is to tune the exciting frequency o f
light into the absorption continuum of the molecule being
studied. Since the intensity of the Raman vibrational modes
corresponds to the excited chromophore in the molecule,
tuning into the absorption continuum of the molecule can
enhance the intensity of the Raman scatter by several orders
of magnitude. This effect is known as the resonance Raman
enhancement. Resonance Raman spectroscopy is several
orders of magnitude more sensitive than normal Raman
techniques and can be performed a t concentration levels as
low as 10_7M.
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Chapter 5
Interligand Electron Transfer In Ruthenium Polypyridal
Complexes: Experimental
5.1) Complexes Studied and Solvents for Warm and Cold
Experiments
The interligand electron transfer experiments discussed in
the next chapters were all perform ed using various ruthenium
polypyridal complexes. These complexes were synthesized
using procedures found in the literature and purified using
Sphadex LH-20.(5.1) The purity of the mixed substituted
complexes was checked using a Bruckner AM400 high
resolution NMR. This was performed to insure that the
samples used were not simply mixtures of tris-substituted
complexes, but indeed mixed ligand complexes. The signal
from the ring protons corresponding to bipyridine and
substituted bipyridine ligands can be easily resolved.
Integration of the peaks corresponding to the protons on the
respective ligands indicates a less than 1% impurity of the tris
complex in any of the mixed ligand complexes used in these
studies. Fluorescence studies are extremely sensitive to even
small impurities due to the sensitivity of the detection
efficiency to the quantum yield o f the fluorescence. Raman
110
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spectroscopy is less sensitive to the lifetime of the excited
state, as long as it exceeds the pulse width of the probe pulses.
In some of the results presented below, the relative intensities
of the Raman bands from dissimilar ligands in the same
complex are roughly equal. This result can not be explained
by tris complex impurities in the sample.
The complexes studied in this research were [Ru(bpy)3]2+,
[Ru(Me2bpy)3]2+, [Ru(5,5'-Me2bpy)3]2+, [Ru(Ph2bpy)3]2+,
[Ru(COOH)2bpy)3]2+, [Ru(bpym)3]2+ and the mixed ligand
analogs of these complexes. The abbreviations used here and
throughout the discussion of this work are as follows: bpy is
2,2'-bipyridine, Me2bpy is 4,4,-dimethyl-2,2'-bipyridine, 5,5'Me2bpy is 5,5'-dimethyl-2,2'-bipyridine, Ph2bpy is 4,4'diphenyl-2,2'-bipyridine, (COOH)2bpy is 4,4'-dicarboxy-2,2'bipyridine and bpym is 2,2'-bipyrimidine. All of the
ruthenium complexes discussed in the room temperature
experiments were dissolved in HzO a t concentrations of 2 mM.
The low tem perature experiments used methanol:ethanol
mixtures in a ratio of 60:40 as a solvent Again, the ruthenium
complexes were a t concentrations of 2 mM. This ratio of
in
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methanokethanol proved to provide th e most stable and
optically clear glasses at low temperatures.
5.2) Detection Equipment and Two Color Apparatus
The apparatus for obtaining the two color Raman spectra
needed in these studies can be seen in figure 5.1. This
apparatus uses the infrared pulses from the regenerative
amplified Nd:YAG laser system discussed in chapter 2. The IR
pulses are weakly focused through frequency doubling and
mixing crystals to generate the second (532.0 nm) and the
third (354.7 nm) harmonics for use as the pump and probe
sources. The second harmonic acts as the pump pulse and the
less intense third harmonic is the Raman probe. The two
frequencies are separated using a dichroic harmonic
beamsplitter. The third harmonic is reflected onto an optical
delay that allows dynamic studies to be performed by
changing the delay between the pump and probe pulses. The
second harmonic is sent through a chopper then recombined
with the third harmonic and both beams are focused onto the
sample. The high peak power of this laser system can photo
degrade a stationary sample; therefore, a flowing sample
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t

Figure 5.1
Optical schematic of the apparatus used to obtain the two
color Raman spectra.
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system is used so th at every laser pulse interrogates a fresh
area of sample. The Raman scattering is collected and focused
through a one meter double monochromator for Individual
frequency separation. A cooled photo-multiplier tube is used
to detect the Raman signal. The data is transferred to a
com puter for generation of the Raman spectra.
The beam chopper in the path of the second harmonic beam
in this scheme is used for doing spectral subtraction to
generate excited state only spectra. With the chopper, spectra
with both second and third harmonics and third harmonic
only interrogating the sample can be obtained. The two
different signals are sorted into different bins in the computer.
A subtraction program can then be used to generate spectra
containing only Raman bands from the excited states of the
molecule being studied. Figure 5.2 shows the result of this
program for the [Ru(Me2bpy)2bpy]2+ complex. Figure 5.2a
shows the two color spectra which contains both excited and
ground state bands. Excited state bands are indicated using
asterisks and ground state bands using dotted lines. The third
harmonic only spectra can be seen in figure 5.2b. This spectra
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contains mainly ground state bands with some weak excited
state bands visible. Figure 5.2c shows the result of subtracting
figures a and b. In this spectra, the excited state bands appear
as positive peaks and the ground state bands appear as
depletions in the spectra.
5.3) Sample Handling Systems
The high peak power (108 watts) provided by the
regenerative Nd:YAG laser system caused special precautions
to be necessary in designing the sample cells used in these
experiments. Since the pulses from the Nd:YAG laser are
capable of photo-degrading a stationary sample after only a
few pulses, the sample cells used In these experiments were
designed to insure that each pulse from the laser irradiated a
fresh area of the sample. For the room temperature
experiments, a flowing sample system was designed which
insured that a fresh portion of the sample was being examined
by each pulse. Figure 5.3 shows the schematic for the flowing
system used in these experiments.
The cold experiments were performed using liquid nitrogen
to cool the samples and posed a unique problem in designing
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Figure 5.2
Pure two color spectra for [Ru(Me2bpy)2bpy]2+ complex.
A) 532 nm and 354.7 nm two color spectra.
B) 354.7 nm one color spectra.
C) Pure two color spectra. Subtraction of spectra A minus
spectra B. Ground state bands are marked with dotted lines
and appear as negative peaks. Excited state bands marked with
asterisks and appear as positive peaks.
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Figure 5.3
Schematic of flowing sample system used in the room
tem perature Raman experiments.
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a sample system that would both insure that fresh portions of
the sample were being irradiated by each pulse and maintain
the sample a t liquid nitrogen temperatures. Another
consideration was that a t such extreme low temperatures, the
sample becomes a glass which has to have a high optical
clarity. The system used consisted of an enclosed stainless
steel circular cell with a fused silica window. The cell had a
sample volume of ~1 mL. The sample cell was then attached
to the bottom of the teflon reservoir which could be filled with
liquid nitrogen. To insure that the sample cell was being
cooled properly, flow holes were cut into the bottom of the
teflon reservoir. Since the therm al compressibility of teflon is
greater than that of the steel sample cell, when this apparatus
was cooled to liquid nitrogen temperatures, the steel sample
cell formed a leak proof seal with the teflon reservoir.
Fiberglass insulation was attached to the outside of the teflon
reservoir to reduce the heat loss to the surrounding
atmosphere. A precision steel rod was attached to the top of
the sample cell and to an external electric motor to rotated the
sample. The lid of the teflon reservoir and two external
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bearings insured that the entire apparatus rotated smoothly
and without vibrations that could damage the ruthenium glass
inside the sample cell. The bearings also insured th at the
sample cell did not wobble and that the focus of the Raman
probe did not change as the cell rotated. Figure 5.4 shows the
schematic for this low temperature, rotating sample cell. To
prevent condensation from moisture in the surrounding
atmosphere from forming on the window of the sample cell,
nitrogen gas was allowed to flow across the front o f the cell.
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Figure 5.4
Schematic of the rotating cold sample system used in
performing Raman experiments at liquid nitrogen
temperatures.
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Chapter 6
Interligand Electron Transfer In Ruthenium Polypyridal
Complexes: Ruthenium Tris-4,4’-Diphenyl-2,2’-Bipyridine
6.1) Introduction
In studying the effect of free energy gaps (AGo) on the rate
of interligand electron transfer in ruthenium polypyridal
complexes, the complexes studied were divided into two
classes. These were complexes with AGo of 1300 cm-1 or
greater and complexes with AGo less than 1300 cm4 . The
reason for this division will be explained below. The
complexes examined in this chapter are [Ru(bpy)3]2+ and
[Ru(Ph2bpy)3]2+, and the mixed ligand analogs of these
complexes. The abbreviations used here and throughout the
discussion of this work are as follows: bpy is 2,2'-bipyridine
and Ph2bpy is 4,4'-diphenyl-2,2'-bipyridine. In the mixed
ligand complexes, the free energy gaps and reaction
coordinate are shown in table 6.1.
Table 6.1
Reaction coordinate and AG0 value for mixed ligand complex
Complex

Reaction Coordinate

[Ru(Ph2bpy)(bpy)J2*

(bpy)

(Ph,bpy)
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AGn. cur1
1300

For all the ruthenium complexes examined, the assumption
is made that the free energy gaps between the excited state
ligands will mimic that of the ground state.
6.2) Spectroscopic Results
Figure 6.1 shows the Raman spectra for [Ru(bpy)3]2+ in
water. The assignment of excited state and ground state bands
is given in table 6.2.
Table 6.2
Ligand parentage and band assignment for Ru(Bpy)32+ .
Note: asterisk denotes excited state band.
Ligand Parentage

Raman Frequency
(cm1)

Bpy*

1209

Bpy*

1282

Bpy

1316

Bpy*
Bpy*

1426
1480

Bpy
Bpy*

1489

Bpy*

1546

Bpy
Bpy

1560

1502

1605
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Figure 6.1
Raw two color spectra for Ru(bpy)32+a t a concentration of
2mM in HzO. Asterisks indicate excited state bands.
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1700

Excited state and ground state bands are determined by
using a low energy probe pulse at 354.7 nm. The energy level
of this probe is not high enough to excited the MLCT state in
the molecule; therefore, the bands detected by this Raman
probe will be from the ligands in the ground singlet state.
Once these bands are assigned, other bands that appear at
higher laser fiuence must be from the triplet state that is
achieve after the MLCT state is excited. Figure 6.2 show the
spectra for [Ru(Ph2bpy)3]2+. Figures 6.3, and 6.4 show the
spectra for [Ru(Ph2bpy)2(bpy)]2+ and [Ru(Ph2bpy)(bpy)2]2+.
By direct comparison of the three spectra (figure 6.5), it can
be seen that in the mixed ligand complex only bands from the
acceptor ligand, (Ph2bpy), are detected. No evidence of
electron population in the higher energy bipyridine ligand is
detected.
6.3) Discussion
In the mixed ligand compounds of Ruthenium tris-4,4’diphenyl-2,2’-bipyridine complex examined, electron
population was only detected in the lower energy, (Ph2bpy),
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Figure 6.2
Two color Raman spectra of Ru(Ph2-bpy)32+at a concentration
of 2mM in H20. Dotted lines and asterisks mark excited state
bands. Solid lines denote ground state bands.
A)Total raw two color spectra. Pump = 532.0 nm. Probe =
354.7nm.
B) One color background spectra. 354.7 nm only.
C) Pure two color spectra.
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Figure 6.3
Total raw two color spectra for Ru(Ph2-bpy)z(bpy)2+in H20 at
a concentration of 2mM. Asterisks denote excited state bands.
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Figure 6.4
Raw two color spectra for Ru(Ph2-bpy)(bpy)22+ in HzO at
concentration 2mM. Asterisks denote excited state bands.
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Figure 6.5
Comparison of raw two color spectra for (A) Ru(bpy)32+, (B)
Ru(Ph2-bpy)(bpy)22+, (C) Ru(Ph2-bpy)2(bpy)2+, (D) Ru(Ph2bpy)32+. Asterisks denote excited state bands.
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ligand when probed with a 10 psec pulse. This indicates that
ILET in the excited states of these complexes is completed and
the electrons are trapped by the ligand with the lowest
potential energy before relaxation to the lowest triplet level
occurs. From this result the rates of interligand electron
transfer (kILET) for these ruthenium complexes can be
determined and are shown in table 6.3.
Table 6.3
Experimentally determined rate of ILET
Complex
[Ru(Ph2 bpy)(bpy) 2 l 2+

AG0, cm-1

k[LET, S"1

1300

£ 2 X 1011
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Chapter 7
Interligand Electron Transfer In Ruthenium Polypyridal
Complexes; Ruthenium Tris-4,4'-Dicarboxy-2,2 ’-Bipyridine
7.1) Introduction
The complex Ruthenium tris-4,4'-dIcarboxy-2,2 '-bipyridine,
[Ru((COOH)2bpy)3]2+, and its mix ligand complexes with
[Ru(bpy)3]2+ were studied to determine their rate of ILET. The
abbreviations used here and throughout the discussion of this
work are as follows: bpy is 2,2'-bipyridine, (COOH)2bpy is 4,4'dicarboxy-2,2 '-bipyridine. In the mixed ligand complexes, the
free energy gaps and reaction coordinate are shown in table
7.1.
Table 7.1
Reaction coordinate and AGQvalue for mixed ligand complex

Table 1

Complex

Reaction Coordinate

[Ru(COOH)2bpy(bpy)2]2+

(bpy)-------->((COOH)2bpy)

AGo, cm 1
3080

For all the ruthenium complexes examined, the assumption
is made that the free energy gaps between the excited state
ligands will mimic that of the ground state.
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7.2) Spectroscopic Results
Figure 7.1 shows the Raman spectra for [Ru(bpy)3]2+ in
water. Figure 7.2 shows the spectra for [Ru((COOH)2bpy)3]2+Figure 7.3 shows the spectra for [Ru((COOH)2bpy)bpy)2]2+.
Figure 7.4 and table 2 show the spectra and band assignments
for [Ru((COOH)2bpy)3]2+, [Ru(bpy)3]2\ and
[Ru( (COOH) 2bpy)bpy) 2]2+ for comparison. By direct
comparison of the three spectra (figure 7.4), it can be seen
that in the mixed ligand complex only bands from the
acceptor ligand, (COOH)2bpy, are detected. No evidence of
electron population in the higher energy bipyridine ligand is
detected.
7.3) Discussion
In the mixed ligand compounds of the ruthenium
polypyridyl complexes examined, electron population was
only detected in the lower energy ligand when probed with a
10 psec pulse. This indicates th at ILET in the excited states of
this complex is completed and the electrons are trapped by
the ligand with the lowest potential energy before relaxation
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Table 7.2
Raman band assignments for carboxy complexes
Assignment
Bpy*
Carboxy-bpy*
Carboxy-bpy
Carboxy-bpy*
Bpy'
Carboxy-bpy
Carboxy-bpy*
Bpy
Carboxy-bpy*
Carboxy-bpy
Bpy*
Carboxy-bpy
Carboxy-bpy*
Oirlxixy-bpy

(Ru(carbaxy-bpy)j}1'’'

(Ru(carboxy-bpy)(bpykr'i"

[Ru(bpy)}];+

1216.
1276.

1214.

1209.

1283.
1298.
1310.
1364.
1373.

1278.

1433.
1449.

1272.
1307.

1282.

1317.

1316.

1363.
1375.

-

-

1426.

1447.

-

-

(1491.)
-

1480.
14S9.
15U2.

Bpy*
Carboxy-bpv
Bpy

1546.

-

1546.

1542.

-

-

(1561.)

Bpy
Carboxy-bpy

161S.

(1605.)

1560.
1605.

-

—

Bpy*
Bpy
Bpy*

14SJI.

Assignments and Stokes frequencies for the ground and excited states. Bands in paren
thesis a re believed to be partially overlapped. In this case the assignm ent is given to the
band with the largest contribution to th e peak intensity. First column gives ligand parent
age. Excited state bands are identified by asterisks. Vibrational frequencies w ere obtained
using a calibration procedure which included the attenuated Rayleigh line in the Raman
spectrum . Frequencies are in units of cm -1 and are believed to be accurate to ± 1 3 cm-1.
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Figure 7.1
Raw two color spectra for Ru(bpy)32+at a concentration of
2mM in H20. Asterisks denote excited state bands.
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Figure 7.2
Comparison of one color and two color Raman spectra of
Ru(COOH-bpy)32+. Concentration of 2mM in water. Dashed
lined are drawn at some of the frequencies of excited state
COOH-bpy bands. Asterisks also indicate excited state bands.
Solid lines indicate ground state bands.
A) Total raw two color spectra. Pump wavelength 532 nm.
Probe wavelength 354.7 nm.
B) One color spectra obtained at 354.7 nm
C) Pure two color spectra.
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Figure 7.3
Raw two color Raman spectra for Ru(COOH-bpy)(bpy)22+in
water at a concentration of 2mM. Arrows indicate position of
ground state and excited state COOH-bpy band (asterisk).
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Figure 7.4
Pure two color Raman spectra. Dashed lines are drawn at some
of the frequencies of excited state bpy bands. The filled in
peaks correspond to excited state COOH-bpy bands. Solid lines
indicate ground state COOH-bpy bands. 532 nm and 354.7 nm
pump and probe wavelengths, respectively.
A) Ru(COOH-bpy)32+
B) Ru(COOH-bpy)(bpy)22+
C) Ru(bpy)32+
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to the lowest triplet level occurs. From this result the rates of
interligand electron transfer (k {LEX) for these ruthenium
complexes can be determined and are shown in table 7.3.
Table 7.3
Experimentally determined rate of ILET

Table 3

Complex
[Ru(COOH)2bpy(bpy)2]2+

AG0, cm.*1
3080

klLET* S*1
*2 x 1011
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Chapter 8
Interligand Electron Transfer In Ruthenium Polypyridal
Complexes: Ruthenium Tris-2,2'-BipyTimidine
8.1) Introduction
The complex examined in this chapter ruthenium 2,2'bipyrimidine, [Ru(bpym)3]2+, and the mixed ligand analogs of
this complex has the highest free energy, 3240 cm 1, of any
complex studied. The abbreviations used here and throughout
the discussion of this work are as follows: bpy is 2,2'bipyridine, and bpym is 2,2'-bipyrimidine. In the mixed
ligand complexes, the free energy gaps and reaction
coordinate are shown in table 8.1.
Table 8.1
Reaction coordinate and AG0 value for mixed ligand complex

Table 1

Complex
[Ru(bpym)(bpy)2i 2+

Reaction Coordinate
Llbpy)

>(bpym)

AG0, cm-1
3240

For all the ruthenium complexes examined, the assumption
is made that the free energy gaps between the excited state
ligands will mimic that of the ground state. The importance of
this assumption will be discussed in the later chapters.
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8.2) Spectroscopic Results
Figure 8.1 shows the Raman spectra for [Ru(bpym)3]2+ in
water. Figure 8.2 shows the spectra and band assignments for
[Ru(bpy)3]2+. Figure 8.3 and 8.4 show the mixed ligand
complexes for Ru(bpym)n(bpy)m. By direct comparison of the
three spectra (figure 8.5), it can be seen that in the mixed
ligand complex only bands from the bipyrimidine ligand,
(bpym), are detected. Table 2 lists the band assignments for
this series of complexes. No evidence of electron population
in the higher energy bipyridine ligand is detected.
8.3) Discussion
In the mixed ligand compounds o f the ruthenium
polypyridyl complexes examined, electron population was
only detected in the lower energy ligand when probed with a
10 psec pulse. This indicates that ILET in the excited states of
these complexes is completed and the electrons are trapped by
the ligand with the lowest potential energy before relaxation
to the lowest triplet level occurs. From this result the rates of
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Table 8.2
Raman band assignments for bipyrimidine complexes
A ssign m ent

[R u (b p ym )s]:*

lR u (b p y m ) 2 (b p y )]: '''

[R u tbpym X bpykF *

[R u (b p y)jJ-*

Bpym*

669.

669.

669.

-

Bpym

1013.

1014.

1013.

-

Bpym*

1040.

1039.

1040.

-

Bpym*

1179.

1179.

1177.

1209.

Bpy*
Bpym*

-

-

-

1252.

1247.

1247

-

Bpy*

-

-

-

12S3.

B py

-

1321.

1317.

1316.

Bpym*

1322.

-

1320/

-

Bpym

1338.

1337.

1333.

-

Bpym"

1356.

1357.

1356.

-

Bpym

1412.

1413.

1409.

1426.

Bpy*

-

-

-

Bpym

1474.

1473.

1469.

-

Bpym*

-

-

1474/

-

Bpy*

-

-

-

1480.

Bpy

-

1494.

1491.

14S9.

I486.

-

Bpym*
Bpy*
Bpym*
Bpy*
Bpy

1493.r

1502.

-

-

-

1524.

1524.

1526.

-

-

-

-

1546.
1560.

-

-

-

Bpym

1553.

(1 5 5 6 .)

(1561.)

Bpym*

-

-

Bpym

1581.

-

-

-

—

1607.

1605.

1605.

Bpy

I560.t

-

-

Assignments and Stokes frequencies for the ground and excited states. Bands in parenthe
sis are believed to be partially overlapped. In this case the assignment is given to the band
with the largest contribution to the peak intensity. First column gives ligand parentage. Ex
cited state bands are identified by asterisks. Vibrational frequencies were obtained using a
calibration procedure which included the attenuated Rayleigh line in the Raman spectrum.
Frequencies are in units of cm-1 and are believed to be accurate to ±1.5 cm-1. * Frequencies
determined from the pure two color spectrum shown in Figure 3C.
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Figure 8.1
One color Raman spectra of Ru(bpym)32+. Two spectra
produced under different energy densities to determine
ground and excited state bands. Relative difference in laser
fluence approximately 5 x 103. Dashed lines indicate ground
state bands. Asterisks denote excited state bands.
Concentration 2mM in water.
a) Low fluence spectra
b) High fluence spectra
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Figure 8.2
Raw two color spectra for Ru(bpy)32+at a concentration of
2mM in H20. Asterisks m ark excited state bands.
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Figure 8.3
One color Raman spectra of Ru(bpym)2(bpy)2+obtained at
354.7 nm. Shaded in peaks are excited state bpym bands.
Concentration 2mM in water.
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Figure 8.4
One color Raman spectra of Ru( bpym) (bpy)22+ measured with
a probe wavelength of 354.7nm. Filled in peaks are excited
state bpym bands. Concentration 2mM in water.
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Figure 8.5
Comparison of one color Raman spectra for all complexes
obtained at a 354.7 nm. Solid lines are ground state bpy
bands. The asterisks and dashed lines denote excited state bpy
bands. Filled in peaks are excited bpym bands. Concentration
2mM in water.
A) Ru(bpym)32+
B) Ru(bpym)2(bpy)2+
C) Ru(bpym)(bpy)22+
D) Ru(bpy)32+
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interligand electron transfer (k n ^ fo r these ruthenium
complexes can be determined and are shown in table 8.3.
Table 8.3
Experimentally determined rate for ILET for bipyrimidine
complex

C o m p le x

AG q , cm ~ l

[Ru(bpym)(bpy)2 l 2+

3240

klT FT, s '1

2:2 X 1011
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Chapter 9
Interligand Electron Transfer In Ruthenium Polypyridal
Complexes: Ruthenium Tris-4,4'-Dlmethyl-2,2,-Bipyridine
9.1) Introduction
In the discussion on ILET in ruthenium complexes presented
above, the study of Gibbs free energy gaps (AGo) of less than
1300 cm-1 are separated. The behavior of the low free energy
gap molecules warranted a separate discussion. The molecules
chosen for the study of low free energy complexes were 4,4'dimethyl-2,2'-bipyridine (Me2bpy) and 5,5'-dimethyl-2,2
bipyridine (5,5'-Me2bpy). This chapter will focus on the
complexes of ruthenium 4,4'-dimethyl-2,2'-bipyridine. The
AGo values for these complexes are 890 cm*1. The electron
transfer reactions that occur in these complexes are shown in
table 9.1.
Table 9.1
Reaction coordinate and AG0 value for mixed ligand complex
Table 1

Complex

Reaction Coordinate

[Ru(Me2bpy)2(bpy)]2+

(Me2bpy)-------->(bpy)

AG0, cm*1
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890

For all the ruthenium complexes examined, the assumption is
made th at the free energy gaps between the excited state
ligands will mimic that of the ground state. The importance of
this assumption is discussed below.
9.2) Spectroscopic Results
The complexes studied in the low AG0 research were
[Ru(Me2bpy)3]2+and [Ru(5,5'-Me2bpy)3]2+. The results for
[Ru(Me2bpy)3]2+will be discussed in this chapter while the
results for [Ru(5,5'-Me2bpy)3]2+are discussed below. Both
complexes discussed in the room temperature experiments
were dissolved in H20 at concentrations of 2 mM. The low
tem perature experiments used methanolrethanol mixtures in a
ratio of 60:40 as a solvent. Again, the ruthenium complexes
were at concentrations of 2 mM. This ratio of
methanolrethanol proved to provide the most stable and
optically clear glasses at low temperatures.
The one color and two color Raman spectroscopy techniques
and the spectral subtraction program being employed in this
study are discussed above and will not be reviewed a t this
point. Figure 9.1 shows the one color spectra of Ru(bpyb2+
148
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(A), Ru(Me2bpy)2(bpy)2+ (B), Ru(Me2bpy)(bpy)22+ (C) and
[Ru(Me2bpy)3]2+ (D). In the mixed ligand spectra, it is
im portant to note that excited-state bands of both the bpy and
the Me2bpy ligands are clearly visible. Figure 9.2 shows an
enlargement of the low frequency region of these spectra for
comparison. Figure 9.3 shows the two color subtraction
spectra for Ru(Me2bpy)2(bpy)2+. In figure 9.3, ground state
bands appear as negative bands and excited state bands as
peaks. Figures 9.4 and 9.5 show the comparisons o f the low
laser fluence one color and the pure two color spectra for
Ru(bpy)32+ (A), Ru(Me2bpy)2(bpy)2+ (B) and [Ru(Me2bpy)3]2+
(C). In both of these figures, the 532 nm pump laser energy
was 200 Ml/ pulse at a 1 mm beam waist and the 354.7 nm
probe laser energy was 30 p j/pulse at a beam waist of 3 mm.
In all of this data, exicted state bands from both ligands are
clearly visible. Tables 9.2 and 9.3 show the ground state and
excited state band assignments.
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Figure 9.1
One color Raman spectra obtained at 354.7 nm excitation in
water at a concentration of 2mM. The designation B and B*
indicate ground and excited state bpy bands. The designation
M and M* denote ground and excited state Me2-bpy bands.
Concentration 2mM in water.
A) Ru(bpy)32+
B) Ru(bpy)2(Me2-bpy)2+
C) Ru(bpy)(Me2-bpy)22+
D) Ru(Me2-bpy) 32+
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Figure 9.2
One color Raman spectra obtained at 354.7 nm excitation
showing low frequency region. The designation B* and M*
refers to excited state bpy and Me2-bpy bands respectively.
Dashed line between figures B and C at the position of the Me2bpy excited state band. Concentration 2mM in water.
A) Ru(bpy)32+
B) Ru(bpy)(Me2-bpy)22+
C) Ru(Me2-bpy)32+
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Figure 9.3
Picosecond Raman spectra of the MLCT state of Ru(bpy)(Me2bpy)22+ in HzO using excitation at 532 nm and probe at 354.7
nm. Time delay between pump and probe laser is 0 ps. Dashed
lines connect ground state bands and asterisks indicate excited
state bands. Concentration was 2mM. Pulse energy: 532 nm
200 pj. 354.7 nm 30 pj.
A) Raw two color signal.
B) One color background spectra at 354.7 nm.
C) Pure two color spectra.
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Figure 9.4
Low fluence spectra obtained with one color excitation at
354.7 nm. Laser energy is 40 pj/pulse in a 3 mm beam waist.
Concentration o f 2mM in water. Excited state bands are
labeled with asterisks. Ground state bpy bands are connected
with dashed lines. Ground state Me2-bpy bands with solid
lines.
A) Ru(bpy)32+
B) Ru(bpy)(Me2-bpy)22+
C) Ru(Me2-bpy) 32+
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Figure 9.5
Pure two color spectra for the complexes studied. Laser
energies are given in figure 9.3. Dashed lines connect excited
state bpy bands. Solid lines connect excited state Me2-bpy
bands. Concentration 2mM in water.
A) Ru(bpy)32+
B) Ru(bpy)(Me2-bpy)22+
C) Ru(Me2-bpy) 32+
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Table 9.2
Ground state band assignments
A lignm ent [Ru(lf«*-bpjr)»l*+ pt«0wKM «»-bnr)2l,+

[Ru(bB r),(M *J-bpy)],+

(Ru(bw )s]a+

-

1023

B

-

M

1025

(1024)

M

IM S

1144

-

-

B

-

1173

-

1173

B

-

-

-

1253

M

1258

(1255)

-

-

M

1316

(1314)

(1318)

-

B

-

-

1317

M

1481

(1482)

-

-

B

-

-

-

1488

M

1552

1552

-

-

B

-

-

B

-

1603

1605

M

1S19

1618

1618

-

-

(1024)

-

Ground state Raman bands and Stokos shift in an-1. All frequen
cies are calibrated against the Rayleigh line and are believed to be
accurate to iU fcm ”1. Tbs horisontal rows are arranged so that
each nm corresponds to only one band assignment which is listed in
the left most column. The designation M rains to bands ^grr1
to the ground state of Mierbpy ligand and B to the ground state
boy ligand. The frequencies in parunthesss are believed to consist
of more than one band. In this case the assignment is given to the
band which is believed to have the largest contribution of the peak
intensity.
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-

1561
1605
-

Table 9.3
Excited state band assignments
Aatignmeiit [Ru(M ea-bpy)j]*+ [RufbpyXMe^-bpy),]*-*M*
B*

72S
-

[*u(b»r)j(M e2-bW)],+

t* ® (b |ijr )* ]> +

728

-

-

720

740

740

1182

-

-

-

-

M*

1184

M*

1208

B*

-

(1208)

(1208)

1209

B*

-

(1281)

(1280)

1282

-

M*

1287

-

M*

1332

1331

-

-

-

-

B*

-

1300

1301

1362

B*

-

1424

1422

1425

M*

1448

1447

1448

-

-

1476

-

1502

B*

-

B*

-

M*

1500

B*

-

1542

-

M*

1572

1509

-

-

(1500)
-

-

Excited state Reman bands and Stakes shift in cm-1. All frequen
cies are calibrated against the Rayleigh line and are believed to be
accurate to ±1.5cm~1. The horisoatal rows are arranged ao that
each row corresponds to onhr one band assignment which is listed in
the left most column The designation M* refers to bands assigned
to the excited state Mes-bpy ligand and B* to the excited state bpy
ligand. The bands in parenthesis are believed to consist of more
thin one band. In this case the assignment is given to the band be
lieved to have the largest contribution of the peak intensity.
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-

1545
-

9.3) Dynamics
The results of the room temperature studies of
[Ru(Me2bpy)3]2+ complexes indicate th at the rate of ILET
(kiLET) is slow and that dynamic studies in which the pump
and probe pulses are delayed in time may be able to yield
exact ku£T values. Figure 9.6 shows the dynamic spectra of
[Ru(Me2bpy)2(bpy)]2+ through a temporal delay range of 10ns
to 500 ns. The pump and probe energies are the same as
discussed above. As is clearly visible, there is no appreciable
change in the relative electron populations between the
excited-state bands of (Me2bpy) and the bpy excited-state
bands. These results lead to the conclusion that for the mixed
ligand complexes [Ru(Me2bpy)2(bpy)]2+ the rates of electron
transfer is kiLET^ 2 x 106 s-1.
There is another possible explanation of the slow rates for
kiLETobserved in these complexes. The assumption is made
that the energy gap between ligands can be estimate from the
reduction potentials of the tris-substituted complexes. The
difference 2+/1+ reduction potential o f the tris-substituted
complexes is assumed to approximate the MLCT excited-state
157
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Figure 9.6
Pure two color spectra of produced by excitation at 532 nm
(200 pj) and probed at 354.7 nm (30 pj). The temporal delay
between the pump and probe is given in each figure. Solid
lines labeled M* indicate excited state bands of Me2-bpy. Bands
labeled B* indicate excited state bpy bands. Concentration was
2 mM in water.
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energy gap. The reduction is assumed to be that of the
complex ligand, thereby mimicking the behavior of the
excited-state. If this assumption is wrong, there is an alternate
explanation for the lack of dynamics observed in
[Ru(Me2bpy)2(bpy)]2+. This explanation is based on a thermal
equilibrium being established between the ligands in the
mixed ligand complex and will be presented and examined in
detail below.
9.4) Low Temperature Studies
If the assumption that is made about the reduction
potentials of the ligands is an accurate approximation of the
free energy gap between ligands is wrong, then it is possible to
develop an explanation for the lack of dynamics in the mixed
ligand complexes [Ru(Me2bpy)2(bpy)]2+ based on a thermal
equilibrium being established between the different ligands.
This explanation would be based on a fast electron transfer
between the ligands which depletes the higher energy ligand
of electrons. This fast transfer would then be followed by a
therm al equilibrium being established between dissimilar
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ligands which forces electrons back into the higher energy
ligand.
If this thermal equilibrium assumption is correct then the
population in the excited state bands in the spectra for
[Ru(Me2bpy)2(bpy)]2+ would show a tem perature dependence.
By lowering the tem perature, it should be possible to force the
electrons to relax to the lower energy ligand if a thermal
equilibrium is responsible for the electron population being
detected in both ligands. To insure the maximum effect in
population change be seen, the sample was reduced in
tem perature to 90 K using liquid nitrogen, as discussed above.
Because of the clear band separation in the excited-state bands
in [Ru(Me2bpy)2(bpy)]2+, all low tem perature experiments
were performed on this complex only.
Figure 9.7 shows the one color spectra of
[Ru(Me2bpy)2(bpy)]2+ at temperatures of 90 K, 195 K and 295
K. No change in the relative intensities of the excited-state
bands assigned to Me2 bpy and bpy are observed over the
tem perature range studied. Statistical mechanics predicts that
over the temperature range studied , a energy gap of 60 cm-1
160
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Figure 9.7
One color spectrum of produced by excitation a t 354.7 nm
(30 fj] a t a 250 pm waist). The temperature at which each
spectra was obtained is given in the figure. Concentration of
2mM in CD3OD for figures B and C. Figure A was obtained at a
concentration of 2mM in a 60:40 CD30D:D20 glass. Solid lines
labeled M* indicated excited Me2-bpy bands. Bands labeled B*
correspond to the excited bpy states.
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would show a factor of 2 change in population if a thermal
equilibrium applied. This results leads to two possible
conclusions: (1) the estimated AG0 gap between the Me2 bpy
and bpy ligand is high by a factor of 15, or (2) the effect of
any therm al equilibrium between Me2 bpy and bpy ligands is
negligible and that the lack o f dynamics exhibited by this
complex is due to a slow rate o f kiLET £ 2 x 106 sr1.
9.5) Discussion
The rate of ILET for the ruthenium 4,4'-dlmethyl-2,2'bipyridine complexes as determ ined by this work are shown in
table 9.4:
Table 9.4
Experimentally determined rate of ILET
Complex
[Ru(Me2bpy) 2 (bpy)]2+

AGo, cm‘l

kTTFT. s '1

890

2X 106*

* The rates are the lower limits representing the maximum
delay between the pump and probe pulses.

These results clearly favor a slow rate of ILET for these
complexes and electron population being present in both
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ligands in the mixed complexes on the timescale of the
experiment.
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Chapter 10
Interligand Electron Transfer In Ruthenium Polypyridal
Complexes: Ruthenium Tris-5,5 '-Dimethyl-2,2 '-Bipyridine
10.1) Introduction
The final series of complexes studied used 5,5'-dimethyl-2,2'bipyridine (5,5'-Me2bpy) as the ligand. The AGo value for the
Ruthenium 5,5'-dimethyl-2,2'-bipyridine complex is 1130
cm-1. The electron transfer reactions that occur In these
complexes are shown in table 10.1.
Table 10.1
Reaction coordinate and AG0 value for mixed ligand complex

Table 1

Complex

Reaction Coordinate

[Ru(5,5’-Me2bpy)(bpy)2]2

(5,5’-Me2bpy)-------->(bpy)

AGo, cm*1
1130

For all the ruthenium complexes examined, the assumption is
made that the free energy gaps between the excited state
ligands will mimic that of the ground state. The importance of
this assumption is discussed below.
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10.2) Spectroscopic Results
The pure two color spectra for [Ru(5,5'-Me2bpy)3]2+ (A),
[Ru(5,5'-Me2bpy)2 (bpy)P+ (B) and[Ru(bpy)3]2+ (C) are
presented in figure 10. The excited state bands for both
ligands are connected with solid lines. Again, the excited-state
bands of both ligands are visible in the mixed ligand spectra
for this complex.
10.3) Dynamics
The results of the room tem perature studies of [Ru(5,5'~
M e 2b p y ) 3]2+

indicate that the rate of ILET (Icilet) is slow and

that dynamic studies in which the pump and probe pulses are
delayed in time may be able to yield exact kjLETvalues.
Spectra were taken for [Ru(5,5'-Me2bpy)2(bpy)]2+ through a
delay range of 10 ns to 50 ns. No change in the relative
populations of excited-state bands was detected. These results
lead to the conclusion that for the mixed ligand complex
[Ru(5,5'-Me2bpy)2(bpy)]2+ the rate of electron transfer is kiLET
^ 2 x 107 s_1 . There is the possibility of a thermal equilibrium
being established between the donor and acceptor ligands in
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Figure 10.1
Pure two color spectra of obtained with a pump of 532 nm
(200 pj at a beam waist of 1 mm) and probed at 354.7 nm (30
pj at a beam waist of 3 mm). Solid lines connect excited
5,5’CH3-bpy bands. Concentration of 2mM in water.
A) Ru(5,5’CH3-bpy)32+
B) Ru(5,5’CH3-bpy)2(bpy)2+
C) Ru(bpy)32+
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the ruthenium 5,5’-dlmethyl, 2,2’-bipryidine complex.
However, from the low temperature studies of ruthenium 4,4'dimethyl-2,2'-bipyiidlne, a thermal equilibrium effect can be
ruled out for ruthenium 5,5’-dlmethyl, 2,2*-bipryidlne.
10.4) Discussion:
The rates of ILET for ruthenium 5,5’-dimethyl, 2,2’bipryidine are give In table 10.2:
Table 10.2
Experimentally determined rate of ILET
AGo, cm*1

Complex
[Ru(5,5'-Me2bpy)(bpy)2l2+

1130

kTT FT. S' 1

2 x 107*

* The rates are the lower limits representing the maximum
delay between the pump and probe pulses.
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Chapter 11
Interligand Electron Transfer In Ruthenium Polypyridal
Complexes: Conclusions
The rates of ILET for all of the ligands studied in this and the
previous chapter are summed up in table 11.1 below:
Table 11.1
Reaction coordinates, AG0 values and rates of ILET for all
complexes studied
Table 1
Cramp/ex

Keacdoa Coordinate

(Ru(Me2bpy)2(bpy)]2+

(M^bpy)-------->(bpy)

890

2 x 106*

[Ru(5,5,-Me2b|>y)(bpy)2]2+

(5,5'-Me2bpy)-------->(bpy)

1130

2 x 107*

[Ru(Ph2bpy)(bpy) 212+

(bpy)------ >(Ph2bpy)

1300

i 2 x l 0 11

[Ru(COOH)2bpy(bpy)2]2+

(bpy)------ >((COOH)zbpy)

3080

2:2 x 10u

[Ru(bpym)(bpy)2]2+

(bpy) ——
>(bpym)

3240

2:2x1011

A
G
o,cm
'1

k
jL
E
T
.s' 1

* The rates are the lower limits representing the maximum
delay between the pump and probe pulses.

In discussing the results obtained in these studies, it is
important to remember the excitation process that is occurring
in these complexes. The 354.7 nm and 532 nm light excite the
ligand from a ground singlet state to an excited singlet state.
The term "singlet” state is used to refer to the initial state
before spin orbit coupling occurs and does not imply that the
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electronic state is a pure singlet state. In the excited singlet
state that ILET occurs a t a rapid rate. The system then
undergoes intersystem crossing to an excited triplet state
which then relaxes to the lowest triplet level. Again, ILET
occurs rapidly in the excited levels of the triplet state. Only
the ground singlet state and the lowest triplet state are probed
in by the laser pulses. Figure 11.1 shows the schematic for the
excitation process for these ruthenium complexes.
For the mixed ligand complexes of [Ru(Ph2bpy)3]2+,
[Ru((COOH)2bpy)3]2+ and [Ru(bpym)3]2+ the lack of electron
population in the higher energy ligands indicates that the ILET
is complete in the excited singlet state and in the upper triplet
states before relaxation to the lowest triplet. This result is
consistent with work performed by Caspar and Meyer (11.1)
for similar metal complexes. Caspar and Meyer showed that
there was a major dependence in the energy gaps of triplet
state luminescence on metal-centered states. They determined
that the energy transfer from the triplet MLCT state to the
metal-centered d-d state in thermally activ ated .(ll.l) It is
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Figure 11.1
Electronic state schematic for interligand electron transfer
(ILET) for a mixed ligand ruthenium polypyridal complex.
Potential energy values for ligand A and Ligand B are equal
while ligand C as a lower potential energy.
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possible that in the higher energy singlet states, thermal
activation is not required for energy transfer. It may be
possible to get complete mixing of the electronic singlet states
and the d-d states. This mixing of states would allow the
ligands to undergo ILET at a rate of less thanlO ps. With the
high free energy gaps between these ligands, there would be
no energy barriers to impede the transfer of electrons from
one ligand to another. Figure 11.1 shows a diagram of the
potential energy wells for the ligands in the high free energy
gap case.
The lack of dynamics for the complexes with AGo values less
than 1300 cm-1 indicates a slow rate o f ILET. The low
tem perature studies of [Ru(Me2bpy)2(bpy)]2+ discount the
possibility of a fast ILET followed by a thermal equilibrium
occurring between the different ligands in the complex. This
leaves another simple solution for the slow ILET rate that
occurs in [Ru(Me2bpy)2(bpy)]2+and [Ru(5,5'Me2bpy)2(bpy)]2+. Due to the low AGo values between the
ligands in these complexes, it is possible to theorize that there
is a potential energy barrier that m ust be overcome in the
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singlet state that is preventing the ILET between ligands from
being completed before relaxation to the lowest triplet state
occurs. While ILET may occur at a fast rate on the initial
excited singlet state and upper triplet states, once in the lowest
triplet state the rate of ILET is slow. The slow rate of ILET in
the triplet state is supported by the lack of dynamics
observed. The rates of ILET and the lack of dynamics clearly
support the theory that ILET occurs a t a rapid rate in the
excited singlet level and that the upper triplet levels are have
a lifetime long enough for ILET to occur. Previously it was
assumed that the excited singlet and upper triplet states were
too short lived for ILET to occur and that all transfers were
occurring once the lowest triplet state was reached. The lack of
electron population change in the methyl ligand during the
low temperature experiments also support this theory.
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Chapter 12
Picosecond Raman Measurements of Electron Transfer in
Metal-to-Ligand Charge Transfer States of Ruthenium Tris1,10-Phenanthroline Complexes
12.1) Introduction
In continuing the study of mixed ligand systems with even
smaller Gibbs free energy gaps, mixed ligand complexes of
ruthenium tris-2,2’-bipyridine and ruthenium tris-1,10phenanthroline were chosen. The free energy gap between
bipyridine and 1,10-phentanthroline is 500 cm 1. After the
results for 4,4’-dimethyl-2,2’-bipyridine and 5,5’-dimethyl2,2’-bipryidine, it was expected that electron population would
be seen on both ligands in the mixed ligand complexes of
these molecules.
12.2) Experimental
Sample preparation and handling was carried out in the
same method the has been described above. In this case, all of
the Raman spectra were taken using a one color technique
without doing the spectral subtraction discussed earlier. Signal
collection and averaging were also carried out as discussed
above. All experiments were performed at a pulse repetition
rate of 2 kHz and a pulse width of 30 ps.
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To identify ground and excited state vibrations of the
ruthenium tris-1,10-phenanthroline, abbreviated Ru(phen)32+,
low laser fluence and high laser fluence Raman spectra were
obtained. (Figure 12.1) A factor of ~5 x 103 greater fluence was
used in the high fluence spectra. To confirm the validity of
these technique, Raman spectra for ruthenium tris-2,2’bipyridine, abbreviated as Ru(bpy)32+, were taken under the
same laser fluence conditions.(Figure 12.2) no change was
seen in the vibrational determination of any of the bands in
Ru(bpy)32+. In the low fluence experiments the laser power
was limited to 25 pj/pulse using an NRC laser power
attenuator.
12.3) Spectroscopic Results
Figure 12.1 shows the high fluence and low fluence Raman
spectra for Ru(phen)32+. In comparing the high and low fluence
spectra, the bands at 1305.2 cm*1, 1430.0 cm*1 and 1580.6 cm 1
can clearly be seen to grow in intensity when compared to the
other bands in the spectra as the laser fluence is increased.
This would indicate an increase in electron population in the
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Figure 12.1
One color picosecond resonance Raman spectra of Ru(phen)32+
in H20 at 2.4 xlO 3M. Top figure is recorded under low laser
fluence conditions. Bottom figure recorded under high laser
fluence conditions.(a factor of 5 X 103 in laser intensity
between two spectra)
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Figure 12.2
One color picosecond resonance Raman spectra of Ru(bpy)32+
in HzO at 2.4 xlO*3M. Dotted lines indicate ground state bands.
Top figure is recorded under low laser fluence conditions.
Bottom spectra recorded under high fluence conditions. ( A
factor of 5 x 103 difference in intensities)
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state being detected and force the conclusion that these are
vibrations from the excited state of the molecule. Conversely,
the lack of change in the relative intensity of the remain four
bands detected would indicate th at these are vibrations from
the ground state of the molecule. Table 12.1 shows the
assignments determ ined for the bands seen in figure 12.1. For
comparison, figure 12.2 and table 12.2 show the assignments
for Ru(bpy)32+.
The mixed ligand complexes Ru(phen)2(bpy)2+and
Ru(phen)(bpy)22+ can be seen in figure 12.3 and 12.4.
Interpretation of the parentage of bands becomes difficult in
these spectra and will be discussed in more detail below.
Figure 12.5 shows a direct comparison of Ru(phen)32+,
Ru(bpy)32+and the mixed ligand complexes.
12.4) Discussion
Previous Raman studies of ruthenium tris-1,10-phenanthroline
have given rise to dubious assignment of ground and excited
state vibrations. (12.1) The reason behind the question in the
peak assignment comes from the technique employed to
measure the Raman spectra in the previous study. An

177

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

1200

1300

1500
1600
1400
RAMAN SHIFT (cm-1)

Figure 12.3
One color picosecond resonance Raman spectra of
Ru(phen)2(bpy)2+ in H20 at 2.4 x 10"4 M.
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Figure 12.4
One Color picosecond Resonance Raman spectra of
Ru(phen)(bpy)22+in H20 at 2.4 x lO^M.
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Figure 12.5
One color picosecond resonance Raman spectra in H20 at 2.4 x
lO^M. From top to bottom.
A) Ru(phen)32+
B) Ru(phen)2(bpy)2+
C) Ru(phen)(bpy)22+
D) Ru(bpy)32+
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Table 12.1
Experimentally determined band assignments. Resonance
Raman frequencies in wavenumbers (cm 1) and assignments
for Ru(phen)32+. The letter in parenthesis represents an
assignment of either ground (G) o r excited (E) state. Raman
Frequencies calibrated with respect to the 354.7 nm line of the
laser and believe accurate to ± 1 cm-1

Raman Frequencies (cm'1)
______ 1305.2_(E)______
______ 1430.0_(E)______
1451.8 (G)______
1531.9 (G)______
______ 1580.6_(E)______
______ 1599.0 (G)______
1631.5 (G)______
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Table 12.2
Experimentally determined band assignments. Resonance
Raman frequencies in wavenumbers (cm 1) and assignments
for Ru(bpy)32+. The letter In parenthesis represents an
assignment of either ground (G) or excited (E) state. Raman
Frequencies calibrated with respect to the 354.7 nm line of the
laser and believe accurate to ± 1 cm-1
Raman Frequency (cm1)
_______ 1209 (E)
_______ 1282 (E)
1316 (G)
_______ 1426 (E)
_______ 1480 (E)
1489 (G)
_______ 1502 (E)
_______ 1546 (E)
1560 (G)
1605 (G)
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approach using the third harmonic o f a Nd:YAG laser (354.7
nm) with a 10 ns temporal pulse width to measure the excited
state vibrations and the 441.6 nm line from a CW laser to
measure the ground states was used in the aforementioned
study. The enhancement of the vibrational bands in a
resonance Raman spectra depends largely on the Frank
Condon factors connecting the electronic states. When using
two extremely different wavelengths of light, it is possible to
sample entirely different regions of the upper state potential.
Because of this, different vibrational modes will see a more or
less enhancement depending on the wavelength of
interrogation.
This problem can be more complicated if multiple excited
states with similar energy levels are present in the metal
complex. It has been shown that the difference in resonance
enhancement between two wavelengths can cause major
intensity differences in the ground state peaks in a resonance
Raman measurements 12.2) Work performed on Ru(bpy)32+
using two different wavelengths of light from a CW laser to
determine ground state spectra showed not only a difference
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in the relative intensity of the ground state bands, but
additional bands being detected.(12.2) This affect was
attributed to the differences in the resonance enhancement
caused by the presence of multiple excited states in
Ru(bpy)32+.(12.2)
In the work: presented here, the same wavelength is used for
determination of both ground and excited state bands. In this
way the resonance enhancement o f the ground state
vibrational bands should be the same for both high and low
fluence spectra. This allows for greater validity in the
determination of excited state and ground state bands. By
simply changing the laser fluence, the population in the
excited state bands can be regulated and determination of
ground versus excited state bands becomes a simple m atter of
comparisons of relative intensities.
In comparing the spectra for Ru(phen)32+and Ru(bpy)32+, the
first most noticeable difference in the absentance of new peaks
in the high fluence spectra. For Ru(bpy)32+, the excited state
bands appear as new features when comparing the low and
high laser fluence spectra. This is not the case with
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Ru(phen)32+. No new features appear in the high fluence
spectra when compared to the low fluence measurements.
Examination o f the spectra in figure 12.1 shows a factor of two
change in the relative intensities o f the peaks at 1305.2 cm'1,
14230.0 cm*1 and 1580.6 cm*1when comparing low and high
laser fluence. This would indicate that, if these are excited
state bands, then they would have nearly the same vibrational
frequency as the ground state bands observed in the low
fluence spectra.
Another factor of concern in making the band assignments is
the difference in change in the excited state peaks when
compared to Ru(bpy)32+. In the figure 12.2, there is a factor of
fifteen change in the intensity of the excited state bands when
comparing the low and high fluence spectra. For Ru(phen)32+,
the change is only a factor of two in intensity between the two
spectra. There are several possible explanations for the small
change in intensity seen in Ru(phen)32\ First, the resonance
Raman signal form Ru(phen)32+ is extremely weak and excited
state bands are only seen at very high laser powers. Another
possibility is th at these are not excited state bands and the
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change seen here is being cause by a nonlinear phenomena
caused by the high laser fluence been used to generate the
spectra.
Work performed by Kumar et. al. (12.1) made similar
assignment of ground and excited state bands for the
Ru(phen)32+complex. Unfortunately, this work was performed
using the CW and pulse laser approach discussed above. The
assignments made in that work are close enough when
compared to the work presented here to justify the assignment
of the three bands in question as excited state bands. Table
12.3 compares the assignments made by Kumar e t al. (12.1)

and the determinations made in this work.
Determination of band parentage for the mixed ligand
complexes is not as simple. Two factors greatly effect any
assignment made in the mixed ligand complexes. First, the
signal from the phen ligands is much weaker than that of the
bpy ligands. The second problem is the overlap of the excited
and ground state bands of the two ligands. The combination of
these two factors makes in virtually impossible to determine if
there is population on both ligands o r only one in the mixed
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ligand complexes. Higher resolution monochromators o r more
sensitive detection equipm ent may have been able to resolve
this spectra, but were not available.
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Table 12.3
This work verses previously published band assignments
(12.1).Resonance Raman frequencies in wavenumbers (cm'1)
and assignments for Ru(phen)32+. The letter in parenthesis
represents an assignment of either ground (G) or excited (E)
state. Raman Frequencies calibrated with respect to the 354.7
nm line o f the laser and believe accurate to ± 1 cm*1
Resonance Rannan Frequencies (cm-1)
Present work
Kumar e t al. (12.1)
1149 (G)
1305.2 (E)
1312 (E)
1430.0 (E)
1435 (E)
1451.8 (G)
1460 (G)
1513.9 (G)
1524 (G)
1557 (G)
1584 (E)
1580.6 (E)
1599.0 (G)
1631.5 (G)
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